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ABSTRACT
In this thesis, the application o f NMR to the characterization and imaging o f wood, and to 
wood in living trees, is investigated in two parts. The first part characterises wood using 
advanced two dimensional (2-D) NMR measurements. The second part presents a novel 
portable magnet, purpose built for the imaging o f living trees in-situ.
The NMR relaxation parameters {T\ and J 2 ) o f the wood water components are established 
using standard one dimensional (1-D) procedures. Generally, three T 2  components are found 
in wood with values o f 1 0 - 1 0 0 ’s ps (small cell wall pores), 1 - 8  ms (larger cell wall pores) and 
lO’s ms (lumen cavities). There are also three T\ components: a few ms (cell wall pores), 
lO’s ms (latewood lumen) and ~  100ms (earlywood lumen). Information on these components 
is furthered by application o f the 2-D T 1-T2 correlation experiment. T\-T 2 spectra show that 
at T2 times o f a few ms (cell wall pores), there are two components which have different Ti 
relaxation times: 12ms (peak C) and 85ms (peak B). Peak B is suggested to arise fi*om 
exchange between peak C and lumen water. Another exchange peak (peak D) is identified at
0.05ms T2 and 58ms T\ (data from spruce at 45% MC). Peaks B and D are further 
investigated by 2-D T2 -T2 correlation experiments, allowing first estimates o f the exchange 
times to be made. The time for exchange o f water/ magnetisation between lumen and cell wall 
water was found to be 4.6ms and between smaller and larger cell wall pores to be 21ms.
Presentation o f the Tree-Hugger forms the second part o f this thesis. This portable magnet 
has been carefully designed to meet the specifications required to enable it to measure living 
trees in-situ. The magnet operates at the low field o f 1.085MHz and has an open access 
design. It weighs 55kg and has three gradients (15kg each) which produce gradient fields in 
three orthogonal directions. The achievable field strengths are 6.7 G/cm, 7.1 G/cm and 10 
G/cm in the %, y  and z directions, respectively. The homogeneity o f the magnetic field has 
been mapped in the x,z planar area and found to be 1750ppm over a distance o f 120mm.
The magnet has a workable open access solenoid probe with 180mm internal diameter. 
Pending improvement to this design, successful imaging has been carried out using a shielded 
solenoid with 130mm internal diameter. 2-D images o f wood samples have been made using 
this probe with resolution o f 1 mm, although due to non uniformity in the sample, the visible 
resolution is between l-2mm. In the 2-D images heartwood and sapwood regions are clearly 
defined, as is the central pith. The annual rings can be seen as they are distinguished by the 
higher signal intensity arising from the earlywood than the latewood. Three dimensional 
images have also been successfully made which show heartwood/sapwood regions as well as 
annual rings.
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C h a p t e r  1
1. Introduction to the Thesis
This project details studies made using nuclear magnetic resonance (NMR) to both 
characterize and image wood and wood in living trees. NMR uses the proton as a probe to 
elucidate micro-structural and dynamics information about the material under investigation. 
Wood is a complex biological material that has non-uniform physical, chemical and 
morphological characteristics. In its green state wood has a high water content which leads to it 
being an ideal material for investigation by NMR. Due to its biological nature wood is a 
variable material; it is a product o f the forest industry that is an important material in a wide 
range o f industries that include building and construction, the paper industry and increasingly, 
biomass for energy generation. Therefore, further understanding o f wood characteristics is 
desirable. Assessment of wood prior to felling is important both in order to lower the variability 
of wood quality used in industry and for silvicultural practices, especially in light o f climate 
change. In-situ measurement o f trees is often carried out by the slow methods o f taking cores [1], 
which may introduce infection to the living tree. A portable instrument for the non-destructive 
measurement o f trees would be very useful to the forest industry. In order to address this need 
and to further the research into wood structure, this project has two objectives: One is to use 
NMR to characterise living and non -living wood by using novel measurements not yet applied to 
wood. The second is to develop a portable MRI system designed and created specifically for the 
in-situ imaging of living trees.
The purpose o f the first objective is to advance understanding o f the water environment within 
wood. The parameters typically obtained using NMR are the relaxation times o f the water 
components in the sample: the transverse relaxation time T2 and the longitudinal relaxation time 
Ti. These parameters are dependent on the physical and chemical environment o f the water 
proton and are a reflection o f its mobility. They are sensitive to the variations in molecular 
motion and physical interactions with surfaces o f water molecules in confined geometries, such 
as pores. These relaxation times have historically been used to provide one dimensional (1-D) 
insights into T2 population distributions, but now can be combined to give a two dimensional (2 - 
D) plot that correlates the J '2 o f a component with its corresponding T\, providing additional 
information on molecular motions and exchange between molecules in different environments. 
This technique has previously been applied to oil-bearing rocks [2], complex fluids [3], foodstuffs 
[4] including starch and potato tissue [5] and processed dairy food [6 ] as well as cement [7]. It is 
thought that this is the first work on the application o f T 1 -T2 correlation to the study of wood.
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The second part o f the thesis presents a portable magnet specifically designed for the application 
o f NMR measurement o f living trees in-situ. As a non-destructive technique, magnetic resonance 
imaging (MRI) is ideal for in-situ imaging o f living trees. Standing wood has been widely 
investigated using many other non-destructive methods such as computed tomography [8 - 1 1 ], 
thermal imaging [12], microwave imaging [13-15] and ultrasonic imaging [16-19] which are well 
summarized in Bucur (2003) [20]. NMR has particular advantages over these other techniques as 
it provides parameters that cannot be measured by other methods, as well as having the potential 
to provide dynamic images. Importantly for field use, it also does not pose a health risk to the 
operator.
There is a current interest in portable NMR and applications are becoming increasingly varied. 
Having first been utilized for well logging investigations [21], in the last decade mobile NMR 
devices have found use in many industries. Applications have been reviewed in Blumich et al. 
(2007) [29] and include: food production [22.23], cement (and porous media) [24], drilled core 
samples [25] cultural heritage [26-27] and rubber composites (e.g. car tires) [28]. Already 
portable devices have been applied to the study o f large wood samples [30], in-situ archaeological 
wood [31], and living wood in the laboratory [32], but as yet a portable device designed and 
suited specifically for the purpose o f imaging trees has not been made available.
The portable device developed during this project, and termed the ‘Tree-Hugger’ is believed to be 
the first o f its kind. The name was taken fi*om a portable magnet, which was built at the 
University o f Kent and used by Surrey for preliminary testing. Created for Surrey by Laplacian 
Ltd, the Tree-Hugger operates at a low H^ firequency o f 1.085MHz. It has two planar magnets set 
into a horseshoe shaped fi*ame which can be placed in position around a living tree. However, it 
is not a traditional ‘horseshoe’ or ‘C-frame’ magnet as it has a novel, lightweight carbon fibre 
frame, rather than the traditional steel. This has the key advantage o f significantly reducing the 
weight. Triple gradients in three orthogonal planes allow three dimensional images to be made 
and with fiirther development, allow for vascular water movement and velocities to be measured.
This thesis is structured so that the results o f the two thesis objectives are dealt with 
independently but the required background information is combined and provided in the initial 
two chapters. The remainder o f this chapter describes the physiology and characterization o f  
wood stmcture. In the initial sections an account o f the structure o f wood as currently understood 
is given, including the relationships between water and the wood polymer. The following sections 
o f this chapter comprise a review of the published literature on H^ NMR relaxation and MRI 
measurements made on wood and trees and then a brief outline o f the other non-destructive 
methods o f characterization that have been extended to the imaging o f living trees in-situ. 
Chapter 2 provides the theoretical background needed to interpret the NMR data presented in this
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thesis. In the third chapter; the details of the materials and methods used in the 1-D and 2-D 
relaxometry experiments are given, the results o f which are presented in chapters 4 and 5 
respectively. The Tree-Hugger is then presented in chapters 6  and 7 which detail development 
and imaging respectively. Finally, future considerations are given in chapter 8 .
1.1. Physiology and Characterisation of Softwood
Softwood is a general term used to describe the wood trees mostly found in the conifer group 
such as pines, spruce and hemlock (gymosperms) and to distinguish it from the more dense 
hardwood of the deciduous trees, e.g. oak (angiosperms). This section on the physiology and 
characterisation o f softwood provides a detailed overview of current knowledge o f the macro, 
micro and fine structure o f wood, in turn. As water is a significant part o f the wood structure, it is 
also reviewed in this section.
If a cross section of a juvenile (few years old) tree is made, it is probable that all the wood tissue 
will be involved in sap transport and thus it is termed sapwood. As the tree ages, not all the wood 
will continue to be used for sap transport. The wood near the centre ceases to be used for water 
conduction and undergoes structural and chemical changes that differentiate it from the 
conducting sapwood [33]. The older central wood is referred to as heartwood. In a transverse 
view of a disc taken from a mature tree, the wood consists o f the heartwood, located at the centre 
of the trunk, and surrounding it, a thick outer band of sapwood. Additionally there is a thin core 
at the centre o f the trunk called the pith, which is derived from the juvenile tissue. When 
discussing features of wood structure, it is useful to refer to the axis o f wood which are
designated as illustrated in Fig.IT .
Transverse Face
Longitudinal Axis
HW
Radial Axis
SW
Tangential Axis
Figure 1.1: Faces of wood. In this image of a disc taken from a mature spmce (left) the 
transverse face is exposed. The outer band of wood is the sapwood, labelled SW and the 
inner the heartwood, labelled HW. The diagram of a wedge of wood (right) illustrates 
the three axis, labelled the radial axis, the longitudinal axis and the tangential axis.
The longitudinal axis runs vertically along the trunk. The radial axis runs from the bark to the 
pith. The tangential axis is locally defined as the direction perpendicular to the radial axis and
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longitudinal axis. Also shown in Fig. 1.1 is the transverse face, exposed in a cross-section through 
a trunk.
1.1.1. The Macro and Microstructure o f Softwood
The macrostructure o f softwood includes those structures visible to the eye and includes features 
such as the annual growth rings frequently observed in wood sections. The microstructure refers 
to features observable using light microscopy and encompasses the organisation o f the wood cells 
and their gross characteristics. Softwoods have an homogenous cellular structure with the 
majority o f the wood tissue consisting of hollow, dead, tracheid cells. Tracheids are the dominant 
cell element in softwoods, accounting for around 95% off the wood cells. Other cell elements do 
exist, the most important being parenchyma cells. Parenchyma cells are living cells that, unlike 
tracheids, retain their protoplast. Their role is the radial transport of food substances, which are 
stored as starch or fat. They have a relatively low incidence in softwood, thus are not considered 
further here. Generally, tracheids cells form an ordered and homogenous structure within the 
softwood and can be described as axially oriented tubes. They are embedded in an amorphous 
material with the walls o f one cell being shared with the adjacent cell and they form the capillary 
transport network through which sap can travel from the roots to the crown o f the tree.
Thin-walled, large 
lumen space.
Thick-walled,- 
small lumen 
space.
Bordered
Pits
Margo Torus
Earlywood
Tracheid
Latewood
Tracheid Bordered Pit
Figure 1.2: Illustration of an earlywood and latewood tracheid and bordered pit.
Dimensions Ref. [35]. Diagram of bordered pit shows translation from longitudinal view 
into transverse view (adapted after Wilson & White, 1986 [45]).
The water is conducted through the cell cavity, termed the lumen. The internal surface of the 
lumen in some species is found to have sculpturing in the form of warts, thickening, or layers; 
this increased roughness o f the surface may increase the wettability o f the lumen surface [34]. 
When formed early in the growing season the main function o f the tracheid is to conduct sap. 
These tracheids are termed as earlywood and are relatively wide radially without greatly 
thickened walls, as illustrated in Fig. 1.2. When formed later in the season, the main function
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switches to support and the walls o f the tracheids are thicker with a narrower lumen space. Cells 
formed later in the season are termed latewood. The contrast between the large lumen space in 
the earlywood and narrow lumen space in the latewood gives rise to the annual growth rings seen 
in wood cross sections.
According to the documented dimensions o f spruce tracheids reviewed in Brandstrom (2001) 
[35], mature tracheid length is aroimd 3mm with a cross-sectional lumen diameter between 13- 
65 pm, depending on age o f tree and position o f cell. The cross-sectional shape o f the lumen 
varies between circular and rectangular depending on position within the tree [36] and whether or 
not reaction wood is present. As all samples used in this study were checked to ensure reaction 
wood was not present, thus it is not discussed further here. Double cell wall thickness 
(combining the walls o f two adjacent back to back cells), range in size between 2.1-7.7pm with 
the thicker walls being seen in the latewood in the radial direction [37].
Movement o f water between neighbouring tracheids is facilitated by bordered pits in the cell 
walls (as illustrated in Fig. 1.2), and movement between parenchyma cells and tracheids by half­
bordered pits. Bordered pits in the tracheids walls derive from partial dissolution o f the matrix 
substances leaving an area o f cellulose microfibrils termed the margo which is radially or spirally 
[38] arranged around a thickened central area called the torus [39, 40]. They have been measured 
to have a diameter o f 16.4pm in earlywood and 6.1pm in latewood [35].
1.1.2. The Fine-Structure o f Softwood
JThose^atures not observable by light microscopy can be revealed by electron microscopy and 
are referred to as~the fine structure or ultrastructure. Although some aspects o f cell wall 
ultrastructure remain controversial, techniques such as field emission scanning electron 
microscopy (FSEM), transmission electron microscopy (TEM); atomic force microscopy (AFM), 
Fourier Transform infrared (FTIR) and NMR spectroscopy, have elucidated much o f the chemical 
and structural arrangement. The tracheid wall is a complicated bio-composite consisting o f  
polymers o f holocellulose (hemicelluloses and cellulose) and lignin. Cellulose is a linear 
polymer o f P-glucose, organised with crystalline (>50% [41]) and amorphous regions [42]. In the 
cell wall it exists as microfibrils which have a three dimensional crystalline core made up o f  
parallel aligned cellulose polymers. Measuring 3-4nm in diameter [42-44], cellulose microfibrils 
wind helically around the long axis o f the cell. Hemicelluloses are smaller, branching molecules 
and are a family made up o f various sugars, the most predominant o f which in softwood are 
glucomannan and xylans [45; 46]. The hemicelluloses together with the three-dimensional 
aromatic molecule lignin form a matrix in which the cellulose microfibrils are embedded.
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There are several other chemical components o f wood including starch, fats, waxes and various 
extractives such as terpenoids and steroids that can be dissolved using neutral solvents [46]. 
Extractives are more important in the heartwood [47] where they make up to 20% of the dry 
weight, compared to only 1% in the sapwood [45]. This is because as sapwood undergoes 
conversion to heartwood, extractives and resins are deposited in the wood. Also during the 
conversion of sapwood to heartwood, the starch in the living parenchyma cells is mobilised, 
disappears and these cells die and the bordered pits in the cell walls o f adjoining tracheids are 
aspirated (blocked) [39] and filled with extractives. These changes sometimes result in 
contrasting colour seen between the sapwood and heartwood [48] (Fig. 1.1). Larch is notable for 
its high content o f extractives in the heartwood, the dominant component being the 
polysaccharide arabinogalactan, found in the cell lumen of larch with dry mass 5-30% [49]. 
Heartwood also contains significantly more lignin than sapwood [33]. The proportions vary 
between specimen and between species but normally with extractives removed, 65-80% of the 
dry mass is holocellulose and 20-35% is lignin; o f the holocellulose 40-45% is cellulose with the 
remainder being mostly hemicelluloses [45].
Secondary Wall
Primary Wall 
Middle Lamellae 
Warty layer
Figure 1.3: Illustration of a model of the wood cell wall. This layered model shows the 
middle lamellae, the primary wall and the secondary wall (Si, 8 2  and S 3 ) layers (after 
Wardrop (1954) [50]). The warty layer sometimes present inside the lumen is also 
shown. The average thicknesses of the individual layers are as follows: Si 0.26pm, 8 3  
1.6 6 pm, S3 0.09p, CML 0.09pm [35].
The wood cell wall is thought to consist o f four concentric layers as illustrated in Fig. 1.3. The 
primary wall is incorporated into the middle lamellae during lignification and is then termed the 
compound middle lamellae (CML) with a width around 0.3pm [51]. The CML is heavily lignified 
[51, 52], contains no cellulose [44] and cements the cells together. The secondary wall is broken 
down into three layers. Si, 8 2  and S 3 [50]. The 8 3  layer measures about 1pm in earlywood and 
5pm in latewood and forms the bulk of the wall -80%. It is enclosed by the much thinner Si 
(0.3-0.4pm) and S3 layers (0.09pm) [35, 51]. The layers in the secondary cell wall are 
distinguished by the angle the microfibrils make with the axis and the direction of the winding.
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Broadly speaking, the slope o f the microfibrils alternates in direction to the axis between layers, 
as illustrated in Fig. 1.3 [53-55].
The S] layer forms the bulk of the cell wall and because if  this it has been carefully studied. 
Fig. 1.4 gives an illustration of the fine structure o f the 8 % layer which is based on the ideas of 
Fengel (1970) [56] and is summarised in the following description. The S2 layer has a high 
proportion of cellulose present as closely packed, steeply sloping microfibrils. As shown in 
Fig. 1.4 they are further organised into clusters or bundles, where a number o f microfibrils 
(possibly 5-16) [57, 58] are hydrogen bonded together along their length [56] and sheathed with a 
layer of hemicellulose [44, 59] to form entities termed cellulose fibril aggregates (after Fahlen & 
Salmen, 2002) [60]. The cellulose fibril aggregates have a cross-section size o f 14-30nm [61, 62] 
are arranged helically to the cell axis, at a similar microfibril angle and cross and intersect each 
other in a lenticular manner [63].
Lignin and 
hemicellulose matrix
Hemicellulose 
sheath
Individual
cellulose
polymers
□ Q q I
Matrix of 
lignin and 
hemicelluloses
Cellulose fibril 
aggregates
r
Secondary Cell 
Wall
3-4 nm 15-30nm
Figure 1.4: Illustration of models of the cell wall ultrastructure. From right to left: The 
secondary cell wall with a section expanded from the S2 layer. This expanded section is 
after Boyd (1982) [63] and describes a longitudinal lenticular arrangement of 
microfibrils. Next, a microfibril surrounded by a layer of matrix is expanded and the 
transverse view shown of a group of microfibrils surrounded by hemicellulose. From this 
a single microfibril is exploded to show the arrangement of cellulose polymers in the 
core.
The distance between cellulose fibril aggregates is about lOnm [64] and this space is filled with 
matrix material, made up o f lignin and hemicelluloses, interspersed with pore spaces [64]. All 
the polymers in the wall are aligned in the direction o f the microfibrils [51, 65-67]. Several 
studies have indicated that whereas xylans are found associated with lignin in the matrix [6 8 , 69, 
64], the hemicellulose glucomannan has a close association with cellulose [70, 71] and may be 
incorporated into the cellulose aggregate, residing between the individual microfibrils [56, 72]. 
Further, two forms of lignin have been identified where one form (Type I) associates with the 
glucomannans and the other (Type II) with the xylans [73].
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The natural arrangement o f the structural components o f the S2 layer o f the wood cell wall is still 
debated. The most commonly accepted model in which sheets o f parallel aligned microfibrils, 
embedded in the matrix material, form discontinuous tangential layers o f concentric lamellae 
aligned parallel to the lumen surface [74; 75], has been presented in the same, or similar way, 
many times [6 6 , 76-78]. However, radial organisation, where the microfibrils are arranged 
perpendicular to the cell axis, has also been reported [54, 59, 79-81]. There is evidence for both 
arrangements, and it has been suggested that there are two levels o f structure, incorporating both 
radial and tangential patterns [81]. More recently, research has pointed towards both radial and 
conical patterns as being artefacts o f measurement arising from mechanical stress or modification 
during sample preparation [60, 62, 82, 83].
1.1.3. Water in Wood
Water is an extremely important component o f wood and this section describes the physical 
environment o f water in wood. The amount o f water in wood is termed the moisture content 
(MC) and is defined as the weight o f the water in the wood as a percentage o f the weight o f the 
dry wood (Tiemann (1906) cited in [74]). A freshly cut sapwood sample may have a moisture 
content o f greater than 100%, whereas heartwood may have only around 50%. The environment 
in which this water exists in wood is discussed below using theories developed to describe the 
wood isotherm and observations made during low temperature studies on wood. This review 
does not include the large amount o f information provided by NMR studies on wood as this is 
dealt with separately in the next section. This section finishes with a summary o f the size and 
characteristics o f the potential water compartments available to water in wood.
1.1.3.1. Water in the Cell Wall and Lumen Cavity
Water is an intrinsic part o f the cell wall. When the cell is young, pore spaces in the carbohydrate 
matrix between the microfibrils aggregates are filled with water. As the cell matures, lignin is 
deposited in these slit like pores [84, 85] and forms chemical bonds with the hemicellulose. 
Water remains present throughout the matrix where it binds easily with the non-crystalline 
hemicelluloses which are nearly, or completely amorphous [8 6 ; 87] and with the numerous 
hydroxyl groups present in lignin [8 8 ] forming aqueous networks between them and the cellulose 
fibrils. Though it is still not yet clear how far water penetrates into the cellulose aggregates, 
studies o f the S2 layer as wood was dried have shown shrinkage o f both cellulose aggregates and 
matrix lamellae [72] indicating water resides in-between these regions. Shrinkage has also been 
seen in the cellulose microfibril themselves upon drying below 10% MC [89] indicating water is 
able to penetrate these structures too. It is thought doubtful that water would be able to penetrate 
the crystalline core o f the cellulose microfibrils, although the amorphous regions could be
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accessible [90-92] and may be found in the interior and not just on the surface [93, 94] o f the 
cellulose core.
1.1.3.2. The Fibre Saturation Point
At low moisture content wood is hydroscopic and if  moisture is reintroduced it will rehydrate. As 
it rehydrates the pores in the cell wall fill with water causing the cell wall to expand as it fills to 
capacity [95, 96]. At a point where further increase in moisture will not result in expansion o f the 
cell wall, the wood is at its fibre saturation point (FSP), indicating the pores in the cell wall are 
full. This will generally occur at a moisture content o f about 25-35%, depending on species and 
water-vapour-pressure o f the surroundings. Once the fibre saturation point is reached, the excess 
water from continued moisture increase starts accumulating in the lumen cavities, with wet 
portions o f adjacent cells overlapping as increasing moisture causes the lumens spaces to fill. 
Thus, up to around 30% MC the moisture content o f wood is contained in the wood cell wall. 
When dried from the fresh, high moisture content state, water was observed to leave at a faster 
rate from the earlywood than from the latewood, whereas below FSP the drying rates were 
similar [97].
1.1.3.3. The Wood Sorption Isotherm
The measurement o f the moisture content o f wood is dependant on the temperature and relative 
humidity. When this relationship is represented graphically, the resulting sorption isotherm for 
wood is considered to be a Type 11 sigmoid [98]. There are five isotherm shapes as designated by 
Bmnauer et al. (1940) [99]. Type II incorporates both monolayer sorption (such as that seen in 
cellulose) [100] and multilayer sorption. As such this isotherm is typical o f hydrophilic surfaces 
such as that in wood. At low values o f relative humidity, the shape o f the sorption isotherm is 
accounted for by adsorption o f water molecules to sorption sites, but at higher relative humidity 
additional mechanisms become necessary to explain the shape o f the isotherm. A reproduction of 
a wood sorption isotherm is shown in Fig.1.5 [101].
The chart shows the moisture content o f Klinki pine samples at a range o f relative humidity from 
0% to just less than 100% for both adsorption and desorption. The data illustrates the hysteresis 
shown by wood, as it is clear that for a given temperature and relative humidity the wood 
moisture content is higher following desorption than following adsorption. This hysteresis effect 
shows the processes that occur during the uptake o f water in the wood cell wall are not simply 
reversed when the same water is lost from the cell wall. The changes that occur between 
adsorption and desorption are not fully understood, but one possible explanation is mentioned at 
the end of this section.
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Figure 1.5: Diagram of a Type II sorption isotherm. Data from Klinki pine specimens at 
four temperatures from Kelsey (1957) cited in [101]. Chart reproduced from 
Hatzikiriakos & Avramidis (1994) [101].
There are several empirical equations and theoretical isotherms currently employed to derive the 
wood isotherm which are summarised in Skaar (1988) [98]. These include the Hailwood- 
Horrowbin solution model (H&H), [102] and a multilayer sorption model DENT [103] modified 
from the BET model [104]. In the DENT model three water species are distinguished by their 
thermodynamic properties and the initial part o f the sorption isotherm corresponds to the covering 
of the surface by a complete unimolecular layer of strongly bound adsorbed molecules. The 
middle part of the isotherm, where increase o f moisture with humidity is slower, corresponds to 
layers o f molecules covering the bound molecules. The later part o f the isotherm with the steep 
increase o f moisture with humidity, arises from the outer layers which have bulk water 
characteristics.
The H&H theory describes water as being in two mobile states, one dissolved in a simple solution 
and the other combined with a wood fibre molecule to form a hydrate. When tested, the H&H 
model performed better than the DENT to fit experimental wood data [105, 106], though neither 
approach modelled the hysteresis effect. A theory that did model hysteresis was the Capillary- 
Condensation (C-C) isotherm [107, 108]. This model assumed capillaries (pores) within the cell 
wall material remained saturated by shrinking to accommodate water losses at low relative 
humidity, and that rigidity of the wall increases as relative humidity decreases. Thus, as relative 
humidity increases, additional sorption sites were exposed due to swelling of the wood material.
A different approach has applied a fractal dimension (D) to wood data and a new isotherm 
plotting D  against MC showed that D  increased with increasing humidity [109, 110]. Fractals 
occupy a borderline between Euclidian geometry and complete randomness [111] and D  
describes the roughness of a surface where larger values mean increased surface roughness. The 
Hao-Avramidis (H-A) model [109, 110] was developed to incorporate the fractal dimension 
together with the multilayer approach. In the H-A model at low humidity, molecular layering
10 of 163
C hap te r  1: I n t r o d u c t i o n  t o  t h e  T h e s i s
was dominant and at higher humidity D  was the dominant control parameter. When plotted 
against the moisture content, D  was seen to increase with increasing humidity and it was 
proposed that increasing moisture made the wood wall ever rough and ever irregular. The 
increase in D  with humidity followed a stepwise, rather than smooth manner and three regions 
were identified in the adsorption isotherm at 25^C. These regions were: 1) a region of 
smoothness from 0% to 10% MC; 2) increased roughness from 10 to 15-20% MC; 3) further 
increase in roughness from 15-20% to 30%MC.
The explanation o f these regions was drawn from the application o f water cluster theory to wood. 
Water cluster theory is another descriptive approach which is similar to the fractal description. It 
proposes that water molecules interact with each other due to their high cohesive energy to form 
clusters, which can be small dimers, trimers and upwards to larger clusters such as tetramers, 
pentamers and hexamers. When the average cluster size is plotted against the moisture content 
(MC%), a stepwise increase in cluster size is observed and three regions corresponding to the 
regions identified by the fractal analysis are seen. According to Hao and Avramidis (2001) [109], 
this is because the dramatic change in cluster size which occurs at the threshold to each region, 
also leads to distinct changes in the fractal dimension. The regions identified in the moisture 
content versus cluster size isotherm for wood at 25®C are described as [112]:
Region I (0%-10% MC): The majority o f water in wood is expected to be in monomeric form, 
hydrogen bonded to hydroxyl sites in the cell wall hemicelluloses. Chemical attraction to the 
hydroxyl is the dominant sorption mechanism.
Region II (10%-20% MC): This is the area o f the curve where change is not noticeable and with 
increasing MC the additional water molecules attach to sites and re-organise so that all the sites 
have a uniform energy.
Region III (20%MC-FSP): Water clusters begin to form as water molecules attach to molecules 
adsorbed on attachment sites and the presence o f the growing clusters weaken the strength o f the 
bond to the sorption site and the cluster may break away. The large rate o f  increase in MC in this 
region is attributed to swelling o f the cell wall material, exposing additional surface material and 
allowing the uptake o f water to increase.
A cluster analysis was used to determine the average cluster sizes in these regions [113; 114]. 
For adsorption at 25°C there were unimolecular clusters in Region I. In Region II the cluster size 
was 1-2, whilst in Region III the cluster size > 2 .  It was also noted in these mentioned studies 
that desorption processes usually had two regions, from 0% to ~20% and from -20%  to 30%.
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Hysteresis was also observed as desorption data had lower cluster sizes and fractal dimensions 
than seen in adsorption data [110,113].
1.1.3.4. Freezing Characteristics of Water in Wood
It has been recognised that not all water in wood assumes the structure o f ice at subzero 
temperatures. Non-freezing water is strongly associated with the wood polymer, preventing it 
from forming strong associations with other water molecules, whereas water with depressed 
freezing temperature is not directly adsorbed to a polar group, but cannot form normal ice 
structures due, perhaps, to weak associations with other water molecules [115] or perturbation 
from polar groups [87] or physical restrictions to forming an open lattice structure due to pore 
size [116]. Water that freezes is able to form normal lattice structures with other water molecules 
and is far enough from surface influences that the water-water bonds are unperturbed. When 
water accumulates in the cell lumens above the fibre saturation point it is able to form larger 
clusters and is termed bulk water (also free water). Bulk water is mobile and accessible and 
makes normal water-water bonds, thus can form a crystalline structure and freezes below 0°C.
Differential scanning calorimetry (DSC) showed a fraction o f water at 98% RH in ligno- 
cellulosic material that had a melting temperature lower than 0°C, thus different from free water 
[87]. This study distinguished between water molecules associated with wood hydroxyl groups 
as being either bound freezing or bound non-freezing water. The water molecules that are 
directly associated with the wood polymer form a non-freezing bound layer. The effect o f the 
hydroxyl groups on a water molecule is reduced with increasing distance from the wood surface, 
so the molecules outside o f the directly bound layer freezes at temperatures lower than 0°C and 
was referred to as freezing bound water. Similar results were found in another study which used 
NMR to investigate wood pulp [116]. Three components were identified: 1) A component that 
did not freeze even down to -25°C was assigned to a layer around Inm thick o f non-freezing 
water closely associated with the wood substrate; 2) Water with a depressed freezing temperature 
(~-5°C) which was attributed to the interaction with the pore walls o f confined water; 3) A  
component that showed normal freezing characteristics which was assigned to bulk water.
1.1.3.5. A Summary of Water Compartments in Wood
Using the above findings it is possible to provide the following description o f the different water 
compartments o f wood together with pores sizes as summarised in Table 1.1. The majority o f  
compartments fall into two size groups: the lumens and the cell wall pores. Within each o f these 
size groups there is a distribution o f pore sizes that range between 13 pm to 65 pm for the lumens 
and from the nanometre (pore sizes -1 .5  and 3.5nm have been reported [117]) to the micrometer 
scale for the cell wall pores.
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Site Pore Size Diameter Description
Earlywood Lumen <65 pm Bulk water, freezing. Desorbs below FSP
Latewood Lumen >13 pm Bulk water, freezing. Desorbs below FSP
Bordered Pits 6 - 1 7  pm Bulk water, freezing. Desorbs below FSP
Cell wall pores >0.5 - 1pm Weakly bound water, freezing
Cell wall pores 
Cell wall pores 
Bound to polymer
>1nm < 0.5-1 pm 
> Inm < lOnm 
Inm layer [116]
Freeze-able bound water, depressed freezing point [64, 116]
Non-freezing bound water in-between microfibrils [116] 
>10% MC
Non-freezing bound water surrounding microfibrils [64,116]; 
Desorbs below 10% MC [117]
Table 1.1: Summary of available sites for water within the tracheid wood cell.
Bound water resides in the smaller pores and can be distinguished by its freezing characteristics. 
As it is contained within restrictive pores and is influenced by the cell wall, it is termed bound 
water, though it may not be literally bound to the wood polymer. Lumen water is termed bulk 
water and shows a freezing event below 0°C. It is less influenced by the wood polymer, but as 
the adsorption o f water is dynamic, with hydrogen bonds continually breaking and remaking on 
the scale o f picoseconds (Cho et a l ,  1997 cited in [118]), molecules will exchange from those in 
the bulk to those adsorbed to attachment sites on the lumen wall surface.
1.2. NMR Characterisation and Imaging of Wood
NMR has been applied to the characterisation o f wood since the early seventies and is an 
important technique to non-destructively image the gross structural features o f wood [119, 1 2 0 ] 
as well as being able to map diffusion [121] and monitor flow o f moisture [122] in wood. Wood 
can be characterized through the determination o f parameters such as chemical shift, moisture 
content distribution and water proton diffusion, and it provides unique parameters such as the 
relaxation time o f the water protons. It is the proton relaxation times that are important in this 
thesis: the transverse relaxation, and the longitudinal relaxation T\. The relaxation times are 
affected by the physical state o f the proton or water molecule, the proximity o f the water to the 
wood surface and the presence o f paramagnetic ions with T2 broadly speaking being shortened by 
these interactions. Measurements o f wood samples show that several populations o f protons with 
different relaxation rates and abundances are present, all at shorter rates than seen for free water. 
These relaxation rates are indicative o f the position o f the water within the wood, its restriction 
within pores and chemical interaction with the wood polymer. A significant amount o f research 
into the characterisation o f wood using the water proton as an NMR probe has been carried out 
over the past three decades and these are reviewed in this section.
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1.2.1. Relaxation Time Constants
It has been generally accepted that below FSP there are two populations distinguished by their T2 
relaxation values: a short one with T2 o f microseconds and an intermediate one with T2 o f a few 
milliseconds. At moisture contents above FSP additional components have been identified: one 
with T2  values o f the order o f lO’s ms and the other with values up to greater than 100ms. More 
than one T2 value is observed and this points to water molecules residing in anatomically 
different compartments in wood, otherwise, due to the dynamic exchange between protons, the T2  
would be a single, ‘average’ rate. Fewer studies report the longitudinal relaxation rate. Two 
components, one with 7% of the order o f a few ms and the other o f lO’s ms have been identified 
both above and below FSP [123-125]. A third component was identified in a separate work 
which had T\ greater than 100ms and was only present above FSP [126].
The assignments o f the separate components on the basis o f T2 times to the separate 
compartments within wood are well established in the literature; the T2 values in order o f  
increasing rates are assigned to: wood solid (p,s), water bound to wood (few ms) and lumen water 
(lO’s ms) [127-129]. The following paragraphs describe the separate components, defined by 
their T2 value, and the evidence on which this is based. Table 1.2 and Table 1.3 provide a broad 
summary o f the T2 and T\ times respectively, that have been reported in the literature for the 
NMR proton populations in wood. Measurements were made using the Carr Purcell Meiboom 
and Gill (CPMG) pulse sequence to measure T2 and inversion recovery pulse sequence to 
measure T\ times. Both these sequences are described in detail in later chapters.
1.2.1.1. Assignment of T2 Component: Very Short
The very short component has a reported T2 relaxation in the microsecond range with reported 
values from 7ps [127], 13ps [125, 138], 15ps [134], 30ps [129] and up to 50ps [97] and 60ps 
[126]. In all o f these cases, this component was attributed to the wood solid as the rapid decay is 
characteristic o f protons residing in a solid environment. Present above and below FSP and 
above and below freezing temperatures, this short signal can be fitted to a Gaussian distribution 
[139], representative o f a solid dipole-dipole broadened line, and is thus distinguished from the 
more mobile exponential water components, which are fitted by an exponential decay.
1.2.1.2. Assignment of 72 Component: Short
The short component is shown in Table 1.2 as having a T2 time less than 1ms but greater than 
lOOps. It is not frequently remarked on in the literature; Nanassy (1974) [128] noted a broad 
component, separate from the solid that arose from the protons o f dry wood and locally sorbed 
water.
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Ref MC% Sample
Longitudinal Relaxation (With Intensity %, where applicable) 
Fast(ms) Intermediate (ms) Long(ms)
[137] 0 Aspen 500
[138] 11 Aspen 0.9 9% 5 28% 90
[125] <FSP Pitch pine HW 1.2 63% 36 37%
[125] <FSP Scots pine HW 0.49 70% 27 30%
[125] <FSP Silver fir HW 0.35 91% 25 9%
[126] <FSP Hemlock SW 25 100%
[123] 0-150 SW 0 - 1 0 40-100
[130] 40 SW 10/22 -100
[126] >FSP Hemlock SW 50 100
Table 1.3; Wood longitudinal relaxation times as reported in published literature. All 
relaxation values are given in milliseconds. Where necessary, values have been rounded 
up to the nearest integer. All values were obtained using the inversion recovery pulse 
sequence, detailed elsewhere.
Values within the range o f the short component have been included within the intermediate 
component (see next section). In one study it was identified as independent from the intermediate 
component and was found to be insensitive to moisture in the sample [135] also remaining 
unfrozen even at temperatures down to -11 ®C.
1.2.1.3. Assignment of 72 Component: Intermediate
The values for the T2 relaxation time given in the literature for the intermediate component, as 
shown in Table 1.2, range from 1ms to 6 ms. Due to this relaxation rate being less than that for 
free water, it is probable that this component occupies small pore spaces where it is influenced by 
the cell wall. Thus it is assumed to arise from water contained within the cell wall and is usually 
described as the bound component. There are several interesting observations regarding the 
intermediate component and its behaviour with changing sample moisture content, these are listed 
below and discussed in the following paragraphs.
i. Present below and above FSP [127].
ii. Above FSP amplitude is largely independent o f moisture content [128, 129].
iii. Below FSP amplitude reduces with moisture [128; 129].
iv. Above FSP increasing moisture has little effect on 7 2  [129].
V. Below FSP T2 increases with moisture content [129, 133, 135].
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vi. Present at temperatures below freezing [123,135, 140].
vii. Signal amplitude shows hysteresis upon adsorption and desorption [128].
The critical observation that separates this component from the longer components is its 
continued presence below FSP. It is assumed that at FSP the lumen cavities are empty and the 
water present is contained within the wood cell wall. The increase in spin-spin relaxation time 
and amplitude o f the intermediate component up to FSP and lack o f change above FSP, when the 
cell wall is saturated, strongly indicates this component arises from water contained within the 
wood cell wall. Below FSP as the moisture content increases more moisture is added to the cell 
walls, thus the amplitude increases and the relaxation time increases as more water protons are 
present, so that there are water protons present which are shielded from the cell wall by other 
water protons. Above FSP with no further addition to the population o f cell wall protons, this 
component ceases to change.
Another feature o f the intermediate component is the persistence o f the signal at temperatures 
below freezing. This characteristic indicates the water molecules o f this component are bound to 
the wood polymer, or contained within pores too small to allow a freezing event. In one study,
the signal intensity o f the component o f the NMR signal from a green wood sample, which was
associated with bound water, was observed to show hysteresis. The amplitude o f the bound water 
component remained constant until around 35% MC at which point it began to decrease linearly 
with moisture down to around 0%MC. When remoistened the amplitude increased at a lower 
intensity for the same moisture content, forming an adsorption/desorption hysteresis loop [128].
1.2.1.4. Assignment of T2 Component: Long
The remaining components have longer relaxation times with T2 times ranging from lO’s ms to 
lOO’s ms, as shown in Table 1.2. The long components show different characteristic behaviour to 
the intermediate component with moisture content changes, such as:
i. Present only above FSP [135].
ii. Above FSP amplitude is dependent on moisture content [127, 129].
iii. Above FSP T2 increases with moisture [135].
iv. Component disappears at temperatures below freezing [135,140].
V. One [123, 130] or two [131, 132, 137] components identified.
The disappearance o f the long component(s) at moisture contents below FSP indicates it arises 
from water protons residing in the cell lumen, according to the definition o f FSP. Even water not 
directly adsorbed onto the pore surface will have a reduced mobility due to association with water
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molecules that are adsorbed to the polymer wall and the measured T2 will be an average across 
the entire pore resulting in a single value. The observed increase in the amplitude and T2  o f the 
long components with increasing moisture content may be attributed to an increased number o f  
water molecules further from the surface resulting in larger water clusters with greater mobility. 
Two long components were observed when 1-D NMR profiles were made across a few annual 
rings o f western red cedar [131]. When the profiles were superimposed over a scanning electron 
micrograph of the sample it showed the intermediate component with o f a few milliseconds 
corresponded well to the wood density o f the cell wall material, whilst the distribution o f the long 
components corresponded to the latewood (47ms) and the earlywood areas (184ms).
Unlike the intermediate component, a long signal with T2 o f 32ms [140] and a range o f 96-122 
ms [135] disappeared sharply from an NMR signal when the temperature o f a sapwood sample 
above FSP was reduced below O^ C. Depressed freezing temperatures have also been observed 
and the T2 o f a long component below 30ms decreased with decreasing temperature and did not 
freeze until-5®C [135].
The pores sizes in softwood are not uniform, but follow a bimodal distribution; the average lumen 
diameter o f western red cedar was found to be 17pm in the earlywood and 1 1 pm in the latewood 
with volumes o f 83% and 9% o f the total, respectively (the missing percentage was assigned to 
ray parenchyma) [132]. F ig .l.6 -a shows the distribution o f lumen diameter from a sample o f  
white spruce reproduced from Araujo et al. (1992) [129]. From this particular distribution there 
would be expected a continuous distribution o f long T2 values about these lumen sizes. 
Inspection o f F ig.l.6 -b shows that in terms o f volume, the earlywood dwarfs that o f the latewood; 
the proportionally small volume o f latewood cells may explain the only occasional differentiation 
between the T2 o f the latewood and that o f the earlywood. Differences between the lumen size 
distributions o f wood species may be a factor in whether one or two long components are seen.
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Figure 1.6: Spectrum of lumen sizes. Reproduced from Araujo et al. (1992) [129]. 
Data from analysis of a scanning electron micrograph of white spmce sapwood.
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1.2.1.5. Assignment of Ti Components
Below FSP two liquid components with different longitudinal relaxation times have been 
identified, one with Ti times o f lO’s ms and another o f a few ms [125, 138]. Above FSP a 
component with a longer longitudinal relaxation o f the order o f lOO’s ms was observed. By 
comparing the 1-D distribution o f Ti across growth rings to the moisture density distribution 
across the same area, the multiexponential behaviour o f T\ above FSP was attributed to latewood 
(lO’s ms) and earlywood regions (lOO’s ms) [126]. Two components with Ti values o f 40-150ms 
and 120-250ms were measured in cedar wood where the relaxation times increased with 
increasing moisture [123]. When samples with moisture contents both above and below FSP 
were frozen, both components remained, but the relaxation times shifted to low values o f ~5ms 
and -50m s respectively.
Superimposition o f the T\ relaxation o f a liquid component on the solid component has been 
reported. The T\ o f the solid component o f wood below FSP o f the order o f lO’s ms was found 
to be a similar value to that o f a liquid component o f 10’sms in one study [125]. Another study 
found both the solid and liquid components to have spin-lattice relaxation times around 150ms 
[126]. In a separate study, a solid and liquid component, as distinguished by their transverse 
decay times, in a sample below FSP shared a Ti o f 89ms [138]. This implies that without separate 
measurement the liquid and solid Ti values are not always distinguishable.
1,2.2. Exchange and Diffusion o f  Water in Wood
The observed relaxation rates are likely be a result o f the intrinsic relaxation values o f the cell 
water and the effects due to relaxation mechanisms which occur at the wood surface between the 
wood polymer and water proton. These mechanisms may result in cross relaxation, which is the 
inter and infra molecular transfer o f magnetisation o f protons by chemical exchange and/or spin 
diffusion.
1.2.2.1. Chemical Exchange
Chemical exchange has been shown to contribute significantly to proton relaxation in plant 
tissues [141] and in cellulose pulp fibres [142] whereby the less mobile biopolymers exchange 
magnetisation with mobile water protons. The amplitude o f the fast decaying solid signal from a 
sample o f white birch was found to decrease after soaking in deuterium oxide, (which does not 
have an NMR signal when detection is used), indicating that water protons were exchanging 
with the solid protons [128]. When two longitudinal relaxation values and a single spin-spin 
relaxation value were seen below freezing [123] and below FSP [125], it was suggested that this 
was a result o f coupling between the solid wood proton and the bound water proton. Two-site 
exchange models employed to describe magnetisation exchange between the cell wall water and
19 o f  163
C h ap te r  1 I n t r o d u c t i o n  to  t h e  T h e s i s
wood around FSP have revealed exchange rates below FSP o f around 40s'' [143], 50-22s'' 
[125]and 250s'' [126]; exchange rates above FSP are higher at around 1000s ' [134, 126]. A 
three site model that distinguished between water, accessible wood protons and inaccessible 
wood protons, revealed magnetisation exchange rates o f 640s'' between the water and accessible 
wood and 64s'' between the accessible and inaccessible wood [138].
1.2.2.2. Diffusion of Pore Water
The effectiveness o f the surface relaxation process in reducing the T2 is determined by the self­
diffusion o f the pore water. In the Brownstein & Tarr (1979) model o f diffusion in biological 
cells [144] bulk water in cells together with surface interactions lead to multiexponential decay 
curves, dependent on the distribution o f cell shapes and sizes. But, with fast diffusive exchange 
within water components, the water proton magnetisation is spatially averaged so that a single 
relaxation rate would arise from a wood pore. Thus, although it can be assumed that all the water 
in the wood-water system interacts with the wood polymer, the clear separation o f a bound 
component with a short T2 from another with a range o f longer 7 2 s, indicates two anatomically 
separate environments. Bound water is not fixed to the cell wall and the intermediate signal o f  
3ms disappeared when exchanged with D 2 O [128]. Using a model based on the Brownstein & 
Tarr (1979) diffusion model Araujo et al. (1993) [121] determined cell wall water diffusion to be 
1.63x10'^ cm^/s for spruce sapwood and 2.18x10'^ cm^/s for redwood sapwood (samples at FSP 
and26*'C).
Experimentally it has been found that the distribution o f T2 relaxation reflects the distribution o f  
lumen radii by volume [129]; it then follows that it is more appropriate to analyse relaxation data 
using a continuous distribution o f T2 values, rather than the more conventional interpretation in 
terms o f a fixed number o f discrete components. Studies have compared the results o f continuous 
and discrete analysis applied to wood data and rather than a single value, the intermediate 
component has been found to have a broad unimodal distribution o f T2 times [133]. In one study 
using continuous distribution, two lumen values were resolved, but using the discrete analysis, 
only one value was resolved [129]. Several algorithms were compared for their suitability in 
interpreting data with multiexponential decays in a study by Whittall & McKay (1989) [137] 
which concluded the best approach was to use several analysis methods, incorporating both the 
discrete and continuous approach when analysing such data, to enable a more comprehensive 
view.
1.2.3. NMR Imaging o f Wood
As well as the characterisation o f the components o f water in wood, NMR has also been used to 
image wood. By applying magnetic gradients the water protons can be mapped according to their
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position in the sample and moisture content variation across a sample can be detected as high 
moisture content gives greater signal intensity. One dimensional NMR profiles with resolution 
- 0 . 1 mm have been obtained along the radial direction o f small wood samples, thus obtaining a 
profile map across the annual rings [129]. This has shown drying patterns across the annual rings 
where moisture is lost first from the earlywood and next from the latewood [97, 131] Several 
MRI studies have been performed using NMR body scanners achieving resolution o f around 
1mm [119, 120, 132]. Observed features include: knots, worm holes, sapwood, heartwood, 
annual rings, internal decay and a distinct layer between the bark and wood.
MRI has also been extended to the study o f water flow in wood. Vessel embolism, where the 
water flow is interrupted and air fills the cell lumen was non-invasively monitored using 2-D 'H 
MRI during a dehydration and re-hydration cycle o f a grape plant [145] and o f kiwifruit plants 
and wood lianas [146]. Using MRI it was possible to distinguish individual vessels in these 
studies and during dehydration embolisms were apparent as signal disappeared from those vessels 
due to lack o f mobile water. In another study D 2 O was used as a negative contrast to the positive 
water signal [122]. By pumping D 2 O or water into one end o f a 20cm long, -2cm  diameter pine 
branch, the study was able to demonstrate that flow was faster in lumen with smaller diameter.
Due to measurement parameters, using conventional spin-echo imaging methods on some 
systems it is not possible to image protons with T2 values shorter than a few ms. Therefore, 
information on the bound water and the solid wood protons are not generally available from 
NMR imaging. As NMR images distinguish features by the signal amplitude and the relaxation 
contrast this means a large amount o f potential information is lost and that only high moisture 
content wood can be imaged. An alternative method is single point imaging (SPI). When this 
was investigated by MacMillan et al. (2002) [124] and compared to 2-D spin-echo images and 
other sequences, it was found to result in better quality images, able to detect bound water even at 
very low moisture contents (4.1%) where the spin echo method failed.
The following section investigates the potential o f MRI for the application o f imaging standing 
trees, as well as a selection o f other non-destructive portable imaging methods that have been 
used for this purpose.
1.3. /A7-SIÏC/Measurement of Trees
A significant portion o f this thesis is devoted towards the development o f a portable NMR 
imaging device for trees. Though there is no specific NMR portable device for the measurement 
o f trees in-situ, there are several existing portable NMR devices and these are reviewed in this 
section. The other non-destructive techniques that have been used in the evaluation o f  standing 
trees are reviewed in the following parts o f this section. These techniques, along with NMR, are
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thoroughly described in Bucur (2003) [20] and include imaging using the following methods: 
ultrasonic, microwave, thermal and ionising radiation. In order to provide a benchmark for the 
performance o f the new portable magnet, the advantages and disadvantages particular to each o f  
these techniques are described below.
1.3.1. Computed Tomography
The spatial distribution o f the attenuation co-efficient of x-rays or y-rays in wood is proportional 
to the density variations in the sample under observation and thus to the arrangement o f structural 
features and to the water content o f the cell walls and cell lumens. Computed tomography (CT) 
is used to provide a 3-D image with each density zone being represented by a colour. The size o f  
the study area ranges from metres to microns. Fixed equipment is routinely used for the scanning 
of lumber in saw mills where wood quality and location o f internal features such as knots [8 ], pith 
[11] and growth rings [10] can be identified via density and moisture distributions. The process 
is becoming increasingly automated [11, 149].
Portable CT instruments have been used to image standing trees in-situ [9, 150], mapping the 
distribution o f water and enabling comparison o f water distribution in the same tree during 
drought and well-watered conditions [151]. The mobile CT equipment developed by Habermehl 
& Bidder (1992) (cited in [20]) allows trees up to 72cm diameter to be imaged. An example o f  
CT tomography made on a standing pine tree is shown in Fig.l.7-a, reproduced from Katzel et a l  
1997 [152]. This image was fi*om a study on the effects o f pollution on the heartwood/sapwood 
ratio. Spatial resolution o f the portable equipment is limited by equipment geometry e.g. distance 
o f detector to sample, detector aperture size etc. Micrometer resolution has been reported for 
laboratory studies on wood [10] and millimetre resolution for in-situ measurements [20]. The 
obvious disadvantage o f ionizing radiation CT is the potential hazard o f the radiation source. 
Also water strongly attenuates x-rays, so image resolution tends to reduce at high moisture 
content.
1.3.2. Thermal Imaging
A thermal image is broadly a map o f the surface temperature distribution across the sample under 
investigation. Heating methods can be active or passive: active heating involves a stress
generated thermal field and the passive method uses an external heating source to generate the 
temperature gradient. The passive method is preferable to active heating in application to living 
trees because the signal is transient and it will not cause permanent damage to the material. 
Using the passive method the tree absorbs energy from the heat source which is usually a laser 
beam with high spectral selectivity, coherence and resolution. The heat will propagate through 
the wood in a manner dependent on the thermal impedance o f the material. The thermal
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behaviour is related to the fibre direction, moisture content [153] and density of the wood 
material. The map of the thermal gradient is calculated from the temperature distribution and 
from this an image is created.
Thermal imaging has been used to observe stem water transport in standing trees [154] though 
this study used the destructive method of active heating. Non-destructive thermal imaging used 
an infrared camera to obtain 3-D images o f a standing tree in-situ [12]. The lightweight (3kg) 
video camera converted the radiated thermal energy to an image on the screen. This method was 
very rapid (~2min measurement time) with a resolution 1.3mm when 1 metre from the tree. From 
the images obtained, it was possible to detect internal cavities. Introduced for the non-destructive 
fault assessment o f subsurface structures, thermal imaging is a relatively new method for the 
study of wood.
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Figure 1.7: Images of wood and trees from high resolution non-destructive
measurements, a) CT tomograph of Scots pine in-situ. Image reproduced from ref [152]; 
b) Microwave 3-D image of a small conifer tree. Reproduced from ref [13]; c) 
Ultrasound 3-D reconstmcted image of internal stmcture of a beech, with an important 
central zone of decay. Reproduced from ref [157].
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1.3.3. Microwave Imaging
It is the dielectric properties o f wood that are investigated when imaging using microwave 
energy. The electric field o f the microwave energy polarises the ions in the wood cell wall 
polymers. By this absorption and by scattering, the transmitted wave is modified by the 
interaction with the wood; it is also depolarised by the anisotropic structure. The attenuation and 
phase shift o f  the transmitted waves increases with increasing density [15] and with moisture 
content. The parameters used for imaging are the attenuation, phase shift and polarization o f the 
electromagnetic wave. Tomography is used for cross-sectional imaging and 3-D images on 
standing trees have been carried out in the laboratory [14] and the microwave image from a living 
conifer (height 83cm) is shown in Fig.I.7-b, reproduced from Morrison el al. 2001 [13]. This 
was carried out at 8-12 GHz and has a resolution o f -5cm.
This method was developed for the industrial application o f lumber drying and later for internal 
defect detection such as knots and grain slope in wood and wood composites. The application o f  
microwave imaging to standing trees in-situ is targeted towards imaging o f vegetation, such as 
forest canopies, rather than cross sectional imaging o f individual trees. The advantages are the 
small equipment size and the large possible sample size as well as the lack o f ionizing radiation. 
The disadvantages are the difficulty in identifying features as the effectiveness o f this method is 
limited by the inherent anisotropy and inhomogeneity o f wood. The resolution is limited by 
aperture size and resolves macroscopic features only.
1.3.4. Ultrasoniclmaging
The passage o f ultrasonic waves through wood is not in a straight line but involves complex 
interactions between the elastic properties o f the wood and the physical vibration o f the wave. It 
is a diffraction type tomography that is difficult to implement in wood due to its nature as an 
anisotropic, inhomogeneous material [17]. The ultrasonic beam is scattered by impedance 
contrasts in the wood caused largely by density differences [19]. In the radial direction the 
density inhomogeneities arise from annual rings and in the longitudinal from the tracheid length. 
Information can be gathered from this reflected energy and the effect of the wood structure on the 
ultrasonic wave propagation leads to parameters such as amplitude, velocity and time o f flight 
that can be used to characterise the sample. Laboratory studies on wood samples can image 
features such as knots [16] and a resolution o f 1 mm has been achieved enabling imaging o f  
annual rings by distinguishing the density difference between latewood and earlywood [18].
For use in non-destructive cross-sectional imaging, ultrasonic tomography is used and has been 
applied to standing trees in-situ [155]. Images are collected by illuminating the tree from 
different directions [2 0 ] and are reconstructed using either transform iterative or direct inversion
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techniques. The inversion technique was used to create a 2-D cross-section image o f a living tree 
in-situ using single channel acquisition [156]. This image had a resolution o f 5cm. Another 
study used a multiple channel device to make a 3-D image o f a standing tree, also achieving a 
resolution o f 5cm in a measurement that has an acquisition time o f around 45 minutes. This 
image is reproduced in Fig.l.7-c [157].
The ultrasonic imaging technique was developed for sorting and grading o f wood and wood 
products such as wooden poles, reviewed in Martin & Berger 2001 [158]. The spatial resolution 
is determined by wavelength so that the shorter the wavelength, the smaller the features that can 
be resolved. Most imaging is carried out at a frequency between 50 kHz to IMHz [20], where the 
image resolution increases above IMHz; as short wavelengths are more attenuated, increases 
above IMHz are limited. Its main advantages are being a relatively low cost solution able to 
image large sample sizes as well as a safe method at low energy levels. The disadvantages are 
the large computation resources required for signal processing and accuracy limitations. The 
limitations to accuracy are experimental, (where a finite amount o f data can be collected) and 
mathematical, as discussed in detail in Bucur 2003 [20].
1.3.5. Portable NMR Imaging
There are two major areas o f development for the routine use o f NMR for imaging o f wood and 
trees. The first is the improvement o f measurement techniques and the second is the availability 
of suitable portable devices for in-situ measurements. Recent studies have addressed methods o f 
automatic reconstruction [147] and reduced sampling time [148] as well as the aforementioned 
SPI sequence [124] which enables measurement o f the bound water component. To date, much 
large scale NMR imaging o f wood has involved the use o f high fi*equency medical whole body 
scanner systems [119, 120, 132, 147]. Where in-vivo measurements have been made it is on a 
smaller scale such as 3-D images made on a 5mm branch still attached to a tree [32].
In-situ measurements have been made using portable NMR devices such as the unilateral Eureka- 
MouselO [159] which operates at ~18MHz. This mouse has so far been used in-situ to measure 
moisture content in large wood samples [30] and for non destructive evaluation o f ancient wood 
[31], though not for imaging. A dedicated portable device for NMR imaging o f trees has yet to 
be reported although developments o f such systems are underway. One is the moveable tree- 
scanner with a weight o f 350kg and inner probe diameter o f -110mm [160]. The particular 
advantages o f NMR are its ability to detect proton density differences and contrast using T\ and 
Ti where, for example, ionising radiation CT is only able to determine density. NMR is non 
destructive and does not induce structural damage. There is potential for microscopic imaging 
resolution and for in-situ sap flow monitoring, which is o f direct interest to plant physiologists.
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2. Basic Principles of NMR and MRI
The techniques o f nuclear magnetic resonance (NMR) together with magnetic resonance imaging 
(MRI) were used in this thesis to characterise and image wood samples and wood in living trees. 
This chapter aims to first present a brief historical overview o f the progress o f NMR, then going 
on to describe the basic principles behind NMR, extending this to the principles o f  MRI. Several 
texts were studied to complete this chapter which explore NMR in much greater detail than given 
here and together provide a comprehensive description o f the relevant theory [161-165].
2.1. History of NMR and MRI
After Stem and Gerlack [166] observed deflection o f a molecular beam due to the nuclear 
magnetic moment, the first nuclear magnetic resonance experiment was performed by Rabi et al. 
in 1938 [167] when in an ion beam experiment the absorption o f energy was observed at the 
Larmor frequency. Rabi was awarded the Nobel Prize for Physics in 1944 for his work on 
molecular beams, especially the resonance method. Eight years after Rabi’s experiment, Bloch 
(Stanford University) [168] and Purcell (Harvard University) [169] independently performed 
experiments that successfully demonstrated the NMR phenomena in liquids and solids for the 
first time. The term NMR was coined as it was the nucleus o f the atom involved, a magnetic field 
was required and resonance because o f the direct frequency dependence o f the magnetic and 
radiofrequency fields. Bloch and Purcell were awarded the Nobel Prize for Physics in 1952. 
NMR spectroscopy arose and became a widely used technique during the 50’s and 60’s for the 
non-destmctive analysis o f small samples in chemical and physical molecular analysis.
In the early days continuous wave NMR was used, rather than the pulsed NMR frequently used 
today and it was with this technique that the experimental foundations were laid. Key papers 
following on from Bloch and Purcell include the description o f spin echoes from Hahn in 1950 
[170] and the 1958 paper in which Meiboom and Gill modified a pulse sequence, published in an 
earlier paper by Carr and Purcell [171] to generate a long sequence o f spin echoes, now known as 
the CPMG echo train [172]. Eight years later, Ernst and Anderson showed the feasibility o f the 
Fourier transform experiment [173] in the paper which led to the decline o f continuous wave 
NMR.
It was the motivation for scientists provided by Damadian in 1971 to apply NMR to the medical 
field that accelerated the progress to MRI. Damadian reported differences in the relaxation time 
between cancerous and normal tissues [174] then in 1973 Lauterbur moved NMR from single
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dimension spectroscopy to two dimensional MRI by providing an image o f a pair o f test tubes of 
water [175]. The advent o f computed tomography [176] as well as phase and frequency 
encoding, [177] together with the development o f echo planar imaging [178] enabled the rapid 
development o f MRI with faster computing making the process much faster. Ernst was awarded 
the Nobel Prize in Chemistry in 1991 for achievements in pulsed Fourier transform NMR and 
MRI and the 2003 Nobel Prize in Medicine was awarded to Lauterbur and Mansfield for their 
discoveries in MRI.
2.2. Fundamental Physics of NMR
The following description o f NMR incorporates both classical and quantum physics. A thorough 
description o f the theory o f NMR would involve a significant amount o f complex quantum 
physics which is outside the scope o f this thesis, thus enough quantum theory is presented to 
enable an understanding o f the processes involved, whilst leaving the complex derivations to the 
NMR texts [161-164, 181,] and not delving too deeply into the theory o f angular momentum. 
Bold typeface will be used throughout to indicate vectors.
2.2.1, Spin Angular Momentum
Atomic nuclei have angular momentum, commonly called “spin”, as well as charge. In quantum 
mechanics the angular momentum is quantised and can only vary in ‘quantum leaps’ between 
allowed values. Spin angular momentum is quantised and its magnitude can be specified in terms 
o f a quantum number, I.
\l\ = h [ l [ l + l ) f  2-1
where % is Plank’s constant h divided by In . Nuclei having the same number o f protons as they 
do neutrons have zero spin. Those with an odd number o f protons and neutrons have a net spin o f  
an integer or half integer. It is the transitions between these nuclear spin energy levels that give 
rise to the NMR phenomenon, thus all nuclei with non-zero spin undergo NMR. It is the 
hydrogen proton though, with spin Vi arising from a single proton, that has been extensively used 
as an NMR probe for reasons explained in later sections.
2.2.2. Magnetic Moments o f Nuclei
The nucleus carries an electric charge, and a non-zero spin nucleus is a rotating, electrically 
charged body, which in classical electromagnetism causes a magnetic dipole effect called the 
nuclear magnetic moment, p.. The magnetic moment o f a nucleus is intimately connected with the 
spin angular momentum by,
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\i = yl 2-2
where y is the gyromagnetic ratio, the ratio o f the magnetic moment to the angular momentum 
and which, for the hydrogen proton is 42,56 MHz/T [162]. Since angular momentum is 
quantised, so is a magnetic moment. In the absence o f a magnetic field, all the 27+1 orientations 
o f the nucleus have the same energy, but in the presence o f a magnetic field, the quantisation axis 
is no longer arbitrary and corresponds to the field direction. Classically, the energy o f a magnetic 
dipole in a magnetic field B is given by,
P  — —p •  B . 2-3
2.2.S. Spin States
In the presence o f a stationary magnetic field, spin angular momentum has direction as well as 
magnitude. Projected onto an arbitrary axis, where the magnetic field is normally taken to be 
along the z-axis, I is quantised in direction so that the z-component o f the angular momentum is,
/g  = m fi  2-4
where m\ is the magnetic quantum number and has 27+1 values in integral steps between +7 and - 
7. For a spin 14 nucleus, such as hydrogen, nii has two values, +14 and -14. Although independent 
o f m when there is no magnetic field, the component o f p in the z-direction is defined by mj
in the presence o f a magnetic field, thus in the z-direction,
E  = 2-5
If there are two spin states, as there are for the hydrogen proton, then there are two energy levels. 
The degeneracy between the states is removed when a magnetic field is applied; the spin states 
split apart and are separated by energy Æ ,  as illustrated in the energy diagram in Fig.2.1. This is 
known as Zeeman splitting [161]. The preferred nucleus orientation is aligned parallel to the 
magnetic field (»2=+14) rather than anti-parallel (w=-14). The possible energies o f the high and 
low states are thus,
E = - ‘)4ïBI2
E  = + ^ B / 2 . 2-6
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Figure 2.1: Energy level diagram for spin 14 nuclei (7= 14). The lower energy state where 
the magnetic moments (represented by the arrow passing through the circle) are aligned 
parallel to B q  has a slightly higher population than the lower energy level where the 
magnetic moment is aligned anti-parallel to B q .
2.2.4. Equilibrium Condition
In a real sample, there are many nuclei and the bulk magnetisation M from such a sample is 
proportional to the sum of all the individual magnetic moments distributed between the spin 
states. The Boltzmann distribution describes the population difference between the number o f  
spins in the higher energy level, n and the number o f spins in the lower energy level, n .  The 
difference is given by.
- n  = AWn = 77-
NE  
2 k J
2-7
where A«o refers to the equilibrium situation, N  is the total number o f nuclei in the sample, is 
the Boltzmann constant and T  is the temperature in Kelvin. At room temperature NE is « I k ^ T ,  
thus A«o is extremely small, with only a small excess o f spins aligned with the field in the lower 
energy level. However, since the amount o f protons present in a typical sample is an enormous 
number, the total magnetic moment o f these excess protons combine to induce a measurable 
resonance signal. At equilibrium p is along the z axis and has magnitude
Mo = « V z+  + »  /^ z -=  ^o/^z+ =  2 2-8
Substitution o f A«o from Eq.2-7 gives.
2-9
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From Eq.2-9 it can be seen that the magnetisation is directly proportional to the strength o f the 
magnetic field Bo and the gyromagnetic ratio {y). This explains the popularity o f the hydrogen 
proton, which has the highest value o f y  for all naturally occurring abundant nuclei.
The Bohr Frequency condition provides that when electromagnetic radiation and matter interact, 
energy is absorbed or emitted when the gap between the energy levels (A£) is equal to hv, where 
V is the frequency of the electromagnetic radiation. The NMR experiment induces transitions 
between the energy levels by applying the appropriate electromagnetic radiation.
hv = \yAm^fiB\ 2-10
cl>q — yB^ 2 - 1 1
where cOo is the resonance velocity in radians/second. Nuclei can be identified by their resonance 
frequency in the presence o f an external field.
2.2.5. Larmor Precession
As the number o f excess protons that align with the magnetic field is so large, we can ignore 
quantum processes and focus on a semi-classical description. This approach considers the 
classical motion o f a magnetic moment in a uniform magnetic field Bo under the condition o f  
constant total energy. Here the magnetic moment is a vector and the vector sum of the moments 
of all the nuclei is considered. The magnetic moment experiences a torque T,
T = p x B , .  2 - 1 2
The torque, according to Newton’s Second Law of Motion, depends on the rate o f change o f the
angular momentum L,
T  = — . 2-13
dt
The spin o f a nucleus is its only contribution to angular momentum, thus
p x B  = — — = ; ^ x B .  2-14
d t d t
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The torque acts on the nucleus’ spin and alters the component perpendicular to both Bo and p. 
The net movement is a rotation o f the direction o f p in a cone with its axis along Bo This 
movement is known as Larmor Precession a>L
and the corresponding frequency, yBo/27i is the Larmor frequency.
2-15
Br
n r
Figure 2.2: The two precessional cones of a spin Vi nuclei. The applied magnetic field 
Bo is directed along the z  axis. Magnetic moments are shown as vertical arrowed lines 
and the direction of precession as horizontal arrows. 0 is the half angle of the cone of 
precession.
The net magnetic moment, M in a sample comprising many nuclei will be derived from the 
vector sum o f all the nuclear magnetic moments. In the presence o f B q ,  at equilibrium, Mq will 
be aligned with B q  and as only the xy  component o f M gives a measurable signal the net 
magnetisation needs to be tilted from the Bo, or z  direction onto the xy plane. Returning to a 
quantum mechanical consideration, for a spin Vi nucleus there are two precessional cones 
(Fig.2.2). The half angle o f the cone o f precession is given by.
2-16
where ^ is the half angle o f the cone o f precession and the spins are distributed between the cones 
at equilibrium according to Boltzmann distribution.
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2.2.6. The Resonance Condition
In NMR, a rotating field is applied using radioffequency electromagnetic radiation supplied 
via a coil surrounding the sample and the nuclei take energy from this field. The nucleus is now 
in a magnetic field consisting of two components, the original static Bo and an additional weak 
rotating magnetic field B i. Both fields will exert a torque on p and the resultant field, Beff will 
change the angle 6  between p and Bo depending on the orientation o f Bi. If Bi is oriented 
perpendicular to Bo then it will exert a torque that moves p away from Bo, changing 6  and thus 
changing the energy of p in  Bo.
In a process called excitation, the nuclei move from a lower to higher energy level. This involves 
the absorption o f a quantum of radiation. The energy for the change comes from the rotating 
field Bi (frequency ©g) which must equal the Larmor frequency so that cOq=cD[^  and the resonance 
condition is satisfied. If the field is applied perpendicular to Bq it will cause the spins to
absorb energy, changing 9  and tipping the magnetisation onto the transverse plane. This both 
induces coherence between the precession of the different spins and leads to non-zero values o f 
//x and py,
2.2.7. The Radiofrequency Field
The radioffequency pulse is applied in the form of a small magnetic field provided by a coil 
placed in the xy plane (see Fig.2.3).
B
■>Br
Figure 2.3: Schematic of magnetic field arrangement surrounding the sample. The 
magnet poles generate the static magnetic field Bq and the coil creates a weak variable 
magnetic field Bi oscillating at Bosc=^2BiCos(<yeO oriented perpendicular to B q . The 
sample is shown inside the coil.
When inside the coil the sample is subject to both the static and oscillating fields. The oscillating 
field can be described by.
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■ ; ,
Bose =i2B,cos(cB/) 2-17
where i  is the unit vector along the x  axis and 2 Bi is the amplitude o f the electric current flowing 
through the coil. The oscillating field can be decomposed into two components rotating in 
opposite directions with angular velocities ±t»e- If B i« B o  only the component o f the transverse 
field rotating in the same sense as the spin precession needs to be retained thus,
B i(/)  =  Bi coscygd -B j sinft)g/j 2-18
where i, j, k are unit vectors o f x, y,and z respectively.
When the magnetisation has been tipped by the radiofrequency pulse, the pulse is switched off 
and the magnetisation will process freely, decaying through the processes o f relaxation back to 
the equilibrium value. The precession o f the decaying magnetisation induces a radiofrequency 
voltage in the surrounding coil at the Larmor frequency, which is the source o f the NMR signal. 
The degree to which the magnetisation is tipped influences the strength o f the signal induced in 
the coil since the largest signal will occur when the magnetisation is processing perpendicular to 
the coil in the xy  plane. A pulse o f duration Tp that tips the magnetisation onto the xy plane is 
called a 90° or tc/2 pulse and one that inverts the magnetisation along the - z  axis a 180° or tc 
pulse.
2.2.8. T h e  R o ta tin g  F ra m e
When a sample is placed in a magnetic field Bo, initially the magnetisation is zero. The spins 
align according to Boltzmann distribution and as this occurs the magnetisation changes from zero 
to Mo, the equilibrium value. The slight difference in the population o f spins at a lower energy 
will give a detectable magnetisation. As Bo is along z. Mo is along z, Mz=Mo. The values o f  
and jUy are randomly distributed thus and //y are zero. In order to simplify the visualisation o f  
the motion o f the magnetisation vector the co-ordinate system is transferred from the laboratory 
frame to the rotating frame where the axis x, y, z  o f the laboratory frame correspond to the axis x ’ 
y ’, z ’ o f the rotating frame. When the reference frame is rotating at û7l=yBo around the static 
field. Bo has no effect on the magnetisation therefore the sample is only subject to B i .
In the laboratory frame when a 90° radioffequency pulse is applied, the magnetisation spirals 
down to the y  axis at the Larmor frequency, precessing around Bq at cc>i^ and Bi at co^  
simultaneously (Fig.2.4-a,b). In the rotating frame, when a radiofrequency pulse is applied at 
^e= 6 L^, Bi appears to be static with the magnetisation precessing around Bi at a rate equal to - 
yBi and the rotating frame is said to be ‘on resonance’ (Fig. 2.4-b,c).
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XX
a) b) c) d)
Figure 2.4: Precession of magnetisation in laboratory and rotating frames.
Magnetisation in the laboratory frame when before and after a 90°pulse: a)
Magnetisation M is along the z axis and Bq is static; b) After application of a 90° pulse 
the magnetisation spirals down and processes simultaneously around Bq and B ; 
Magnetisation in the rotating frame in the presence of a static Bq and radio frequency B% 
field: c) In the rotating frame the static field is transformed away and the magnetisation 
processes around B i at <«e; c) After application of a 90° pulse the magnetisation is in the 
transverse plane and B % appears stationary.
In the rotating frame the precessional motion o f the magnetisation appears to be reduced to (co^- 
coc), thus the effective field experienced by the nucleus Beff is the vector sum of {cOo-û)^)// and 
B 1 . If (cOo^ cUe) then Beff will change in direction and the system is said to be off resonance.
2.3. Relaxation Theory
All nuclei are exposed to local fields generated by the rotational and translational motion o f 
molecules as they execute Brownian motion. The magnetic moments of the neighbouring nuclei 
at the site o f the spin under consideration generate a randomly varying magnetic field where 
nucleus ‘A ’ can create a local field at nucleus ‘B ’ and visa versa (Fig 2.5).
B
Figure 2.5: Nuclear dipole-dipole interaction. The field lines from nucleus A are shown 
as dotted grey lines, which interact with nucleus B, whose magnetic moment (shown by 
the black arrow) is perpendicular to the magnetic field at A.
This local field can be decomposed into different frequencies and the component perpendicular to 
the static field that is oscillating at the Larmor frequency may induce transitions between levels in
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the same manner as an electromagnetic field, resulting in relaxation of both the longitudinal and 
transverse components o f the magnetisation.
2.3.1. Longitudinal Relaxation
When a sample is placed in a magnetic field or after being subject to a radioffequency pulse on 
resonance, the nuclei reorient themselves so that the magnetisation M  tends to M q . During this 
process, called longitudinal relaxation, the nuclei must undergo transitions between spin levels 
until the values predicted by the Boltzmann equations are reached. In order to do this the nuclei 
must be exposed to magnetic fields fluctuating at the Larmor frequency. The potential sources o f  
such fields for spin Vi nuclei are fi*om the external magnetic field or from the fluctuation o f the 
local field experienced by the nucleus. Any change o f M z involves energy flow and the process 
of longitudinal relaxation involves an exchange o f energy between the nucleus and the nucleus’ 
environment which is referred to as the ‘lattice’ thus, longitudinal relaxation is referred to as spin- 
lattice relaxation. The time taken as the magnetisation recovers to the equilibrium value is 
represented mathematically by an exponential curve and the recovery rate characterised by Ti, the 
spin lattice relaxation time. At t=T\, 63.2% of has recovered alignment parallel to the 
magnetic field Bo.
2.3.2. Transverse Relaxation
The spin-spin relaxation time does not necessarily involve an exchange o f energy between nuclei
in the lattice as it involves a redistribution o f energy between nuclei and other nuclei such that
they come into thermal equilibrium amongst themselves. The local dipolar fields generated by
neighbouring nuclei modulate the precession frequency o f the protons, causing them to process at
slightly faster or slightly slower rates. Energy is transferred between spins o f the same kind and
not to the lattice so the total spin energy remains unchanged. This temporary and random
interaction between the protons causes a permanent loss o f coherence in the signal, so after a 90°
pulse the coherence o f the xy  component o f the magnetisation in the transverse plane decays as
spin-spin relaxation occurs. The time constant for this process is Tz, the spin-spin relaxation
time. The spin-spin relaxation time describes the transverse relaxation time only for an ideally
homogenous magnetic field. In reality the magnetic is inhomogeneous and the value o f  T2
changes to T2 *. This takes into account the accelerated de-phasing o f the magnetisation in the xy
plane as magnetic inhomogeneity will cause the nuclei to process at different rates in different 
♦
parts of the sample, T2 <T2 .
An isochromat is defined as the net contribution to the magnetisation arising from one small 
segment o f the sample in which all the magnetic moments in that segment o f the sample process 
at the same Larmor frequency. In an inhomogeneous field, as the nuclei experience slightly
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different magnetic fields, some of the isochromats will be faster and some slower than the 
average. As a result, after the 90® pulse, the magnetisation that was initially coherent along the y 
axis, fans out in the xy  plane (Fig 2.6 a-c). At the same time spin-lattice relaxation takes place as 
the magnetisation reorients itself with the Bq field (Fig2.6,d). As the spin-spin relaxation process 
contains a contribution from the spin-lattice process, T i » T 2 in most solids, whilst T ]-T 2 in most 
liquids. Equilibrium is established between the spins (T2 ), whilst simultaneously the equilibrium 
is extended from the spins to the lattice {T\).
X ’
3) f= 0
y’
X'
b) t~72
y'
c) t » T 2 '
y’
X ’
d) t~7 i
Figure 2.6: Spin-spin and spin-lattice relaxation in the rotating frame after a 90° pulse, 
a) The magnetisation prior to the pulse is shown in gold and immediately after the 90° 
pulse, aligned along the y-axis, in blue; b) After a short time the isochromats fan out in 
the x ’y ’ plane as some precess faster than others (spin-spin relaxation); c) After t >7^* 
the phase coherence is destroyed and the transverse magnetisation is zero; d) The 
magnetisation realigns with B q along the z ’ axis (spin-lattice relaxation).
The relaxation rates arise from the interaction of the spins with each other and with their 
environment, thus are very sensitive to the molecular environment and to molecular motion. The 
relaxation rates can provide valuable information about these motions.
2.3.3. The Bloch Equations
Quantum mechanics does not allow the energy of a given spin to be resolved for both the z and 
the xy plane simultaneously, thus a semi-classical approach is adopted to describe the motion of 
magnetisation in the xy  plane. The motion of the macroscopic magnetisation M can be extended 
from Eq.2-14 for the motion o f a single spin vector.
d M
d t
2-19
and because it is a classically large quantity, the x, y  and z components can all, in principle, be 
measured. This is the starting point for the well known Bloch equations [168] which successfully 
explain many aspects of the magnetic resonance phenomena.
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After being tipped into the transverse plane from the z axis, the magnetisation has My and Mz 
components. The time taken for M  to decay to the equilibrium value Mo was assumed by Bloch 
to be exponential and to consist o f two time constants. The longitudinal component o f M  parallel 
to Bo decays with T\ and the transverse component perpendicular to Bo decays with 7 2 , so that
^  ~ -^ o )
dt  ^ T,
— M x = - ^
- M y = - ^ .  2 - 2 0
dt T,
Combining these equations with Eq.2-18 for the behaviour o f B i and with Eq.2-14 for the motion 
o f the magnetisation, we arrive at the Bloch equations,
^ ^ ^  = -y\B^coso)tMy+'B^sincotM^]-{M^-MQ)/T^ 
dt
dt
dM.
dt
= -y[B()Mx -  Bj cos cotM  ^] -  My /
= +/[Bi sin cotMj^  + BqMy ] -  Mx /7^. 2-21
These equations describe the evolution o f the magnetisation in a combined static field along the z  
axis and a radiofrequency field in the xy  plane. Whilst in the rotating frame on resonance, as the 
magnetisation processes only around B i, the static field can be removed from the equations o f  
motion thus when referred to the rotating frame the Bloch equations take on a much simpler form,
dt ^  ' 7]
^  =  j M .B ,  -  y M ,, (B„ -
^  =  r M v ( B o - ® / / ) - ^ .  2 -2 2
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The Bloch equations have been experimentally confirmed many times for liquid samples and can 
be used to describe for a spin ensemble with no coupling, the motion of the sample magnetisation 
vector.
2.3.4. BPP Theory
The magnetic dipole-dipole interactions modulated by molecular tumbling are the dominant 
interactions causing relaxation in spin nuclei, by causing randomly fluctuating fields at the site 
of the nucleus. The effect o f the fluctuation on relaxation in the rapid motion case (relatively 
mobile molecules) was first described by Bloembergen, Purcell and Pound [179] and is called 
BPP theory, simply described in the following paragraphs.
Any random motion can have an autocorrelation function G(/) associated with it. In the case o f a 
system of isolated spins in an isotropic randomly varying local magnetic field, G(/) is a measure 
of how rapidly the local field changes in magnitude and direction and has characteristic time Tc 
known as the correlation time. For random molecular tumbling Tc roughly corresponds to the 
average time for a molecule to progress through one radian. If the local field fluctuates quickly 
as in liquids or at high temperatures, then Tc is short and G{t) decays quickly.
Case 1: zc long. 
Cold temperature
Case 2: zc intermediate. 
Intermediate temperature3
Case 3; tc 
short.
Figure 2.7: Plot of spectral density for three different temperature cases. Case 1: low 
temperature where molecular motion is limited and z^  is long; Case 2: intermediate 
temperature where both molecular motion and p  are intermediate; Case 3: high 
temperatures where the molecular motion is rapid and z^  is short. Indicated on the chart 
is the frequency corresponding to the Larmor frequency, where £Ul=1/tc.
The autocorrelation function is the time domain function corresponding to the spectral density 
J{oi) which is a frequency spectrum. The functions are related by Fourier transform. J{ct>G) is 
indicative o f the power available from the fluctuations at the relevant transition frequency and 
the integral over the spectral density with respect to frequency is a constant. G(r) and J{ûS) have 
an inverse relationship so that if  there are slow molecular motions, or low temperature such that
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Tc is long, then J(a>) is gathered at low co, although the area under the curve remains the same. 
Conversely, at high temperatures the spectral density is spread over a larger frequency region.
Fig.2.7 shows a plot o f spectral density for three different temperature cases. From Fig.2.7 it is 
shown that the spectral density, when sampled at the Larmor frequency at cold temperatures, has 
a low value. This value increases at an intermediate temperature, then decreases again at higher 
temperatures. It is fluctuations at the Larmor frequency that induce spin-lattice relaxation, thus a 
T\ minimum is observed for an intermediate state with molecular motion characterised by an 
intermediate correlation time Zc o f the order as shown in Fig.2.8.
Liquids: extreme 
motional narrowing. 
Ti “T2
Solids: 
long T^
iinirhum
O)o
Solids: rigid 
lattice limit -  
Tz short and 
constant
Figure 2.8: The dependence of relaxation on the correlation time Tc. This schematic 
representation shows the T2 relaxation time in red and the Ty relaxation, where it differs 
from the T2 after the Ti minimum in grey. To the left of the T\ minimum is where 
T\=T2 . At short Tc the fluctuation of the spins average to zero and this is know as the 
extreme narrowing condition. As Tc increases there is a Ti minimum corresponding to 
the resonance frequency, when rc=cûL''- To the right of this T2 increases monotonically 
with increasing rg as Ti decreases.
Factors affecting spin-spin relaxation will also cause transverse relaxation. However, whereas T\ 
depends on the amount o f motion at <%, ^ 2  involves no energy change and de-phasing is 
influenced by the amount of motion at zero frequency. The spectral density at zero frequency is 
J(0 ) and it becomes more dominant as Tc increases, corresponding to a narrower spread of 
frequency at lower temperatures. In contrast to Ti, T2 decreases monotonically as Tc increases 
until the rigid lattice limit corresponding to no motion.
2.4. Measuring Relaxation
When the magnetisation vector of a sample o f nuclei is tipped onto the transverse plane using a 
radioffequency 90° pulse on resonance, all the isochromats are precessing at the same rate and 
there is phase coherence. The coil used to generate the radioffequency pulse is most commonly
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the same coil used to receive the NMR signal and the coherent magnetisation will induce a 
current in the coil as it processes in the xy plane about the z axis.
2,4.1. Free Induction Decay
A signal is only observed when the magnetisation is coherent in the transverse plane. As 
transverse relaxation occurs, the isochromats dephase and fan out, loosing coherence and the 
signal detected in the coil appears to decay with time. Thus it is the relaxation time which 
determines the duration of the NMR signal. The plot o f signal intensity against time after a single 
90° pulse is called the Free Induction Decay (FID). The signal from the decaying, oscillating 
magnetisation is measured in the time domain. To mathematically transform the signal 
information from the time domain to the frequency domain a Fourier transform (FT) is 
performed, a method pioneered by Ernst and Anderson [173]. The transform reveals which 
frequencies appear in the signal and with what amplitudes and phases. The general equation for a 
FT of the signal from the time S{t) to the frequency domain S{co) is,
2-23
and is composed of both real and imaginary components. An FT of a simple FID containing only 
chemically equivalent protons will result in a single peak in the frequency spectrum [Fig.2.9]. 
The lorentzian peak shown in Fig.2.9 is from data acquired on-resonance; if  the data were 
acquired off-resonance the peak would be shifted by Aæ>.
V0
Figure 2.9: Fourier transform of FID data. The signal shown on the left is slightly off 
resonance, it is the envelope of the wave that gives the FID decay. In a sample where 
there is a single proton species contributing to the signal after transformation there is one 
frequency which is shown as the lorentzian peak, slightly shifted from zero by
The current induced in the coil is detected and demodulated to remove the Larmor frequency 
from the signal, effectively reducing it to the rotating frame of reference
2 .4 .1.1. Quadrature Detection
The FID is normally detected in quadrature [180] so that the components o f magnetisation that 
are in-phase and out o f phase are both observed simultaneously. Reference signals 90°out o f
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phase with each other (in quadrature) are created and mixed with the incoming signal so that pairs 
of points are recorded on the computer. The interval between the pairs of points is the sampling 
rate. Fig.2.10. shows a block diagram of a quadrature detector showing the doubly balanced 
mixer (DBM) with one input and two outputs [181]. After passing through the DBM, where the 
signal is mixed with the reference, the signal is amplified and filtered. The outputs from the 
quadrature detector are the real and imaginary components of the FID; the real outputs a cosine 
wave (Si); the imaginary channel, oriented at 90°, produces a sine wave (5)). These correspond to 
the Mx and My components o f the transverse magnetisation
Signal In
Reference In
shifter
Real Out
Imaginary Out
Figure 2.10: Block diagram of a quadrature detector. The incoming signal is mixed via 
the DMB with the reference signal. The two channels are identical except the reference 
signal is shifted in phase by 90° to each other. After amplification and filtration the output 
from the channels is the real and imaginary components of the FID signal.
Measurement and equipment limitations mean that after capture o f the data the resultant real (Si) 
and imaginary signals (6 )) may need to be rotated in order to correct for any frequency dependent 
phase shift. As most phase shifts are approximately linear in frequency [163] it can be corrected 
by a linear phase correction.
2.4.2. Spin Echo
As already described, two factors cause the decay o f the transverse component o f the 
magnetisation; one is the spin-spin relaxation caused by dipolar interactions with neighbouring 
spins, T2 and the other is the spatial inhomogeneity of the static field, Tz*. If T2 * dominates, 
then information on the intrinsic T2 will be lost. A method to combat this was suggested by Hahn 
[170] whereby a series o f two pulses are applied, a 90° pulse followed by a 180° pulse, separated 
by an interval o f time t  ( t « T 2 ), illustrated in Fig.2.11. During r the individual magnetisation 
isochromats precess at slightly different frequencies and will fan out in the x y ’ rotating frame 
(Fig.2.Il-i-v). The phase angle cp traversed by the isochromats in time r is  Acùt. The action o f
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the 180° pulse is to rotate the isochromats about the axis o f the pulse, inverting cp so that the faster 
isochromats lag behind the slower ones by the same cp. The isochromats continue to move in the 
same direction at the same angular velocity and after a further time t they re-phase in the same 
direction. The refocusing o f the isochromats into a coherent magnetisation induces a voltage in 
the receiver coil producing a signal known as a spin echo or Hahn echo.
90x 180,
l v ~ l
z’
b) d)
Figure 2.11: Determination of spin-spin relaxation time using a spin echo sequence. 
Top: The pulse sequence for the Hahn echo where the signal occurs as a decaying FID, 
followed by two back-to-back FlD’s after the 180° pulse. Bottom: Illustration of the de- 
phasing and re-phasing of the isochromats: i) after the 90° pulse; ii) During tim er the 
isochromats de-phase due to experiencing slightly different Larmor frequencies; iii) The 
180° inverts the isochromats by rotating them about the pulse axis: iv) The isochromats 
continue in the same direction at the same rate but are now refocusing: v) The 
isochromats re-phase into a coherent magnetisation and a spin echo is seen.
2.4.3. CPMG Echo Train
The spin echo refocuses the de-phasing that occurrs due to inhomogeneous broadening, but the 
amplitude of the recovered magnetisation is reduced by other factors, namely spin-spin 
relaxation, as quantum transitions cause loss of coherence between the precessions o f the 
individual nuclear magnetic moments. If successive 180° pulses following on from the 90° pulse 
are applied at intervals o f 2r, where t  is the interval between the initial 90° pulse and the first 
180° pulse, as suggested by Carr and Purcell [171], then each echo will reduce in amplitude as 
spin-spin relaxation progresses. To avoid accumulation o f small turn angle imperfections in the 
180° pulse, Meiboom and Gill [172] suggested that the 180° pulse be shifted in phase by 90° with
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respect to the initial 90° pulse, thus the imperfection of two successive 180° pulses cancel each 
other. This pulse sequence is called the Carr-Purcell-Meiboom-Gill (GPMG) experiment, shown 
in Fig.2.12, with the pulse sequence,
90j^ z" — 180° — T — 6cho —
90x 180v 180v 180y 180„
2t 4% 6t
Figure 2.12: A series of spin echoes as seen in a CPMG experiment. The echoes occur 
at 2 rand are attenuated as spin-spin relaxation occurs.
The attenuation of the echoes is an exponential decay due to internal spin-spin relaxation 
processes only, thus T2 can be found from the envelope o f the echoes by plotting the echo 
amplitude at different values o f r as.
M y  (2r) = M  0 exp ^ - j  2-24
The pulse sequence is repeated to increase the signal to noise ratio, with each series o f echoes 
separated by a repetition delay during which time the magnetisation can return to equilibrium.
2.4.4. Solid Echo
A usual Hahn echo will not refocus dipolar coupled proton spins in solids as the 180° pulse will 
simply invert all the spins and the static dipolar interactions will remain the same [163]. Instead, 
the solid echo pulse sequence [182] is used.
90% [-  t^ se ~~ 90y -  -  echo
The first pulse (90°%) converts the magnetisation from alignment with Bq to the transverse plane. 
During a delay period, t=TsE the static dipolar interactions induce local variations in the magnetic 
field o f neighbouring nuclei and the part o f the magnetisation arising from the immobile solid 
protons quickly looses coherence. The second pulse, at a 90° angle to the first, refocuses the 
coherence losses due to dipolar interaction. The macroscopic explanation used to describe the 
evolution o f the Hahn echo is not possible for the solid echo, and a quantum explanation is out o f
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the scope of this thesis. The pulse sequence is shown diagrammatically in Fig.2.13, where the 
second 90° pulse is shown to invert the solid spins (black), whilst the mobile spins continue to 
decay (gold).
90> 90.
2 t
Figure 2.13: Pulse sequence diagrams illustrating the solid echo. Diagrams adapted 
from Powles & Strange, 1963 [182], /a = equipment dead time.
2.4.5. Inversion Recovery
Although there are other sequences suitable to measure T i , possibly the most common and the 
one used in this thesis, is the inversion recovery sequence. The sample magnetisation is allowed 
to reach Mo along the z axis in the static field then a 180° pulse is used to invert the magnetisation 
population along the -z  axis. No signal is produced as there is no magnetisation along they axis. 
The spin-lattice relaxation that succeeds a 180° pulse as Boltzmann equilibrium is restored, is 
taken to have an exponential behaviour with the magnetisation recovering as.
2-25
After waiting time r (<Ti ) some of the inverted spins will have realigned along the z axis where, 
in an ideal experiment, Mz(0)=-Mq. Next a 90° pulse is applied which induces coherence and tips 
the spins onto the transverse plane enabling an FID to be measured. In terms o f r, the 
magnetisation recovers as.
M [ t ) = M q I-2expf 2-26
The FID signal amplitude is proportional to the magnetisation that had recovered along the z axis 
during the gap between the 180° and 90° pulses. In order to find T\ the sequence is repeated n 
times for different values ofr, this is the inversion recovery method, so called as the 180° pulse 
inverts the magnetisation. As the sequence is repeated the recovery o f the inverted magnetisation 
is mapped out as illustrated in Fig 2.14-b. The interval between each measurement, the repetition 
delay, must be long enough to allow the magnetisation to return to Mo and is generally taken to 
be ~57i. The pulse sequence (as illustrated in Fig.2.14-a) is.
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In order to obtain the T i time, the natural log of the signal intensity (S) from each FID (ln[5 '(oo)- 
*S(x)] can be plotted against r (Fig.2.14-b). As the magnetisation evolves from negative to 
positive, it passes through zero at ? = ln2 Ti.
1 8 0 °  9 0 'n 1 8 0 ^  | 0 °  1 8 0 'I I -I 90'E l
a)
180"
Equilibrium M q  ►
7 ’
b)
IV
Figure 2.14: Determination of spin-lattice relaxation time using inversion recovery, a)
The pulse sequence for the inversion recovery method showing three values of r, the time 
interval between the 90° and 180° pulses where Ti<T2 <T3 . Each pair of pulses is separated 
by a time repetition delay (RD); b) Illustration of the inversion recovery for the three 
values of r with the blue arrows showing the magnetisation vector and the gold arrows 
showing the vector prior to the radio frequency pulse: i) Equilibrium; ii) After the 180° 
pulse; iii) Partial recovery after time iv) After 90° pulse; v) Plot of the observed 
signal intensity S(x) as a function of the delay x.
The spin echo and inversion recovery are the simplest o f NMR experiments to find single 
dimensional bulk T, and To relaxation rates. These pulse sequences can be adapted and 
manipulated to provide two dimensional information and images as described in later chapters.
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2.5. NMR Imaging
The previous sections have discussed bulk measurements made from spins in a uniform magnetic 
field. In order to image a sample, spatial information is also required. Magnetic field gradients 
cause the nuclei to experience slightly different magnetic fields depending upon position in the 
sample. These local changes in Bo mean the Larmor frequency o f the spins show spatial 
dependence. To make the rate o f change o f the magnetic field gradients constant, a linear 
magnetic field gradient is applied by the use o f specially designed additional coils. The gradients 
are usually applied as a series o f pulses during the imaging measurement and are sufficiently 
large so that the effect o f  the local gradients in the static magnetic field caused by magnet 
inhomogeneity is ignored.
2.5.1. Magnetic Field Gradients
The gradients are oriented to provide a magnetic field with a linear rate o f change o f strength 
aligned in three orthogonal directions referred to the centre o f the magnet x, y  and z. The effect o f 
the gradients is to vary the static field Bo (Bo=Bz) with position along the direction in which the 
gradient is applied. The magnetic field is then a combination o f the static field and the applied 
gradient,
Bo(r) = B o + G » r  2-27
where r is the nuclear spin co-ordinate and G is the component o f  the linear gradient parallel to 
Bo and can be in any direction so that,
and the local Larmor frequency is now spatially dependent
ct){r)=‘}^ Q+yG 9r  2-29
so that samples at different locations will give signals that have different frequencies. The signal 
is taken to be demodulated so that the reference frequency is taken to be yBo and the signal 
oscillates at yG«r.
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2.5.2. k-Space
Data from digitised NMR signals are stored during the data acquisition in the temporary image 
space known as k-space, the spatial analogue o f frequency. This is a concept introduced by 
Mansfield (1978) [178], where k is given by,
= . 2-30
This spatial vector k has magnitude in units o f  reciprocal space m'^ and is the Fourier conjugate 
o f the co-ordinate r.
2.5.3. 1-D Profile Imaging
If a gradient is applied during acquisition o f an FID, it enables the data to be recorded as a 
function o f time, thus it is referred to as the ‘read’ direction and the gradient as the ‘read’ gradient 
(Gr). If Gr=Gx then during acquisition the spins will precess at an angular frequency dependent 
on their positions along the x  axis. The Fourier transform o f the signal will be a profile o f the 
sample in ‘frequency’ space with the signal, S{t) given as,
S{t) = ^MQp{x)oKp{jygxt)dx 2-31
where M q is the signal per unit volume and /?(x) is the density o f spins. The signal is mapped in 
k space by relating spatial position to frequency (frequency encoding); from Eq.2-30 and Eq.2-31 
the signal in terms o f k space, 5" (k) is,
N'(A:)= jMo/?(x)exp(zAx)<i\:. 2-32
As S{k) is measured in the time domain, p{r) is in the frequency domain and the proton density 
can be seen as spectrum of 5"(k) [161], hence
p { x ) x c ^  ^S '(k )Q X ^{-ikx )d k  . 2-33
To minimise the effect o f the rise and fall o f the gradient, and to increase the signal acquisition 
time, a spin echo is used for frequency encoding as shown in Fig.2.14. In the spin echo 
experiment the gradient controls the inhomogeneity o f the field. Spins de-phase according to the 
strength o f the applied gradient and loose coherence and form an echo. The reverse gradient is 
applied before the 180° pulse in order to compensate for the first half o f the read gradient.
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Figure 2.14: Pulse sequence diagram of a 1-D profile imaging experiment. Sequence
frequency encodes a spin echo, as described in the text.
2.5.3.1. Resolution
The echo is sampled in quadrature so pairs o f points are simultaneously recorded. A finite 
number of discrete data points (N) are collected during the signal measurement, each point having 
a discrete amplitude and time value. The data points are separated by a sampling interval (dwell 
time) A where 1/A is the sampling frequency,/s. The critical (minimum) frequency for sampling 
a signal is known as the Nyquist frequency [161] where fs  is required to be at least twice the 
maximum signal frequency (co).
If the signal is taken to be demodulated then the frequency is, yGxlln. The frequency pixel size
S f is related to the pixel size in space, Sx by,
= ^  2-34
2 Æ
As shown on Fig.2.14 the total sampling time is given by NA. From Fourier transform theory 
[165], ^ ^ l / N A  so that the best achievable resolution is,
&  = 2-35
yGNA
So to improve the resolution it is necessary to either increase the gradient amplitude, which may 
not be practicable due to equipment limitations or to increase the total sampling time by 
increasing the number of points collected. In practice, the number o f points which can be 
acquired from an echo is limited by Tz*.
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2.5.4. 2-D  S p in  W arp Im a g in g
The pulse sequence for the 2-D imaging experiment is shown in Fig.2.15. It is essentially the
same as the profile experiment with the addition o f a phase encoding gradient applied before the
frequency encoding gradient. In the period before acquisition a gradient along, for example, the y  
axis is applied (Gp), which imparts a phase to the spins dependent upon their position along the y  
axis (phase encoding). The experiment is repeated a number o f times each with difference 
amplitudes of the phase encoding gradient and in this way the object is mapped both along the x 
and y axis so that the Fourier Transform in k space is,
S(t, t )  = ||yo(x,y)exp[/yG,^x/]exp[zyGyyr}ix4' 2-36
and the signal is the 2-D Fourier transform of the proton density,
p C  y )  = j j s '  K  > ) s x p [ -  i(xk^ +  y y  k ‘ff^ y 2 -37
-►
2r time
time
Siqnal
time
Figure 2.15: Pulse sequence diagram of a 2-D spin warp imaging experiment. The 
sequence is repeated for each amplitude of Gy.
2.5.5. 3-D  Im a g in g
In order to obtain a three dimensional image, data has to be collected in all three directions. One 
option to select data in the third direction is to perform slice selection. NMR is able to selectively 
excite nuclei in any chosen slice o f the sample in any direction by use o f a selective RF pulse and 
a gradient in the direction orthogonal to the slice (Gs). The soft RF pulse applied in the presence 
of a magnetic field gradient has a narrow bandwidth that must be narrower than the spread of 
Larmor frequencies resulting from the applied gradient. The spins in different regions o f the
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sample will then be excited differently and only those spins with Larmor frequency at the same 
bandwidth o f the RF pulse will be excited and rotated onto the transverse plane [161]. As the 
spread in Larmor frequency is determined by the gradient strength and the bandwidth range by 
the length o f the radiofrequency pulse, it is these two factors that dictate the thickness o f the slice.
The slice orientation is changed by using a differently oriented magnetic field gradient. The two 
remaining directions are orthogonal to the slice direction and are mapped by means o f the phase 
encoding gradient and the read gradient as already described in the spin warp experiment.
An alternative is to use phase encoding along two orthogonal axes, such as the z and y. In this 
procedure a phase encoding gradient would be applied before the frequency gradient along one 
axis and repeated for each amplitude o f the gradient. Then the second phase encoding gradient 
would be applied for each amplitude. There is a possibility that the introduction o f a second 
series o f phase encode steps will result in prohibitively long measurement times.
The signal from each location in the sample will be in direct proportion to the density o f spins at 
that position yO(r) so that when image gradients in all directions are present, the NMR signal 
acquired in terms o f k space, 5'(k) integrated over the entire sample is the Fourier transform,
5'(k)= JjJyo(r)exp[z2;2k'r]jr. 2-38
The inverse Fourier transform performed on the k space data results in a 3-D representation o f the 
spin density distribution,
yo(r)= JJjN(k)exp[-z2;dc-r]û?k. 2-39
This spatial distribution o f spin density results in the NMR image, but the other spin interactions 
that can influence the NMR signal phase and amplitude have been ignored. These interactions, 
such as relaxation, can be used to provide contrast in the image by inserting relevant time delays 
in the NMR pulse sequences. Contrast procedures other than T2 are not discussed as they are 
outside the scope o f this thesis. 7% contrast is obtained by varying the echo time of the 
experiment. Only nuclei with T2 greater than the echo time survive and contribute to the image. 
In this way mobile and immobile nuclei can be distinguished, for instance.
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3. Materials and Methods
This chapter is in three main parts and presents the materials used in this study for the 
characterization of wood, describing how the materials were prepared as well as the experimental 
methods and equipment used. Only the materials and methods relating to the experiments carried 
out using existing NMR equipment are detailed, the results o f which are given in Chapters 4 and 
5, leaving the development and optimisation o f the new Tree-Hugger magnet to be dealt with 
separately in Chapters 6  and 7. The first part o f this chapter describes the material used and the 
methods o f preparation, whilst the second part details the NMR equipment and the third focuses 
on the measurements made on the wood samples.
3.1. Samples and Preparation
The raw materials used during this study were a living wood sapling and non-living wood 
samples. These are specified below.
3.1.1. Living Wood Sample
A healthy looking sapling, Leyland cypress (Cupressocyparis leylandii), with stem diameter 1cm 
and height o f approximately 80cm, was used as a sample. The sample remained potted 
throughout the experiment and the lower branches were stripped to allow access into the magnet 
probe.
3.1.2. Non-Living Wood Samples
The material used for the non living wood samples were taken from separate mature discs o f larch 
{Larix decidua) and Sitka spruce {Picea sitchensis) provided by Dr B. Gardiner (Forest Research, 
Roslin). After felling the discs were cut and stored below -0.4‘^ C to prevent water escape and halt 
decay. The discs were transported to Surrey University in insulated containers and transferred to a 
freezer upon arrival. As required, small portions were removed from the frozen discs and from 
these sections samples were taken. Samples were only taken from areas visually free o f reaction 
wood, knots or other defects and the transition zone between heartwood and sapwood was 
avoided. Both discs were taken from mature trees with the ages estimated from the annual 
growth rings to be >30 years for the larch and >25 years for the spruce. Samples were taken from 
both the sapwood and from the heartwood regions. All samples were longitudinally oriented 
within the probe coil with the tracheid axis perpendicular to B q .
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3.1.2.1. Sample Preparation
The wood samples used were in the form of shavings, sticks or cylinders as shown in Fig.3.1. 
Shavings were made with a scalpel, taking short sections around 6 mm square and less than 2mm 
thick. Rectangular sticks were made using a scalpel and were sized 1cm long and 2-4mm in 
width. Cylinders were machined to size to 1cm length and 0.7cm diameter. All the samples were 
made so that the long axis ran in the longitudinal direction of the wood and were prepared from 
frozen to retain as much moisture as possible.
Figure 3.1: Sitka spruce samples in the three forms used. L-R: Shavings; Sticks;
Cylinders (centre cylinder shown coated in Araldite).
The samples were measured in standard glass NMR tubes measuring 8 mm internal diameter and 
enough volume of sample was used to fill at least 1cm from the bottom of the tube. Two methods 
of sealing the wood samples were used in order to minimise moisture escape from the sample. 
One method used pure polytetrafluoroethylene (PTFE) tape (RS Components, UK), chosen as it 
does not contain protons (-(CF2 -CF2 )n-) and is very inert. The required volume o f sample was 
wrapped tightly in several layers of PTFE tape, pushed to the bottom of the test tube and a glass 
stirring rod o f diameter 7mm was inserted to sit on top o f the sample to fill the void. The tube 
was then sealed using NESCO fihn [Alfresa Pharma Corporation]. The other method was applied 
only to wood that had been machined into cylinders and for this Araldite rapid epoxy resin was 
mixed carefully as per manufacturers instructions and applied in a thin layer to cover the entire 
surface of the wood, then allowed to dry. The Araldite, which formed an impermeable barrier, 
has a sufficiently short decay time so as not to interfere with the sample signal.
3.1.2.2. Moisture Variation
Two methods were used to achieve moisture content variation: one by equilibration o f the sample 
in a relative humidity chamber and the other by air drying at ambient conditions. Below ESP the 
wood was placed inside air tight relative humidity (RH) chambers containing a saturated salt 
solution (Sigma-Aldrich Chemicals) or silica gel (Fisher Scientific). The salts were mixed with 
distilled water into a slushy solution so that enough un-dissolved salt remained to guarantee a 
saturated solution. At any temperature, the concentration o f a saturated solution is fixed and for a 
temperature o f 20°C the relative humidity in the atmosphere above the selected salt solutions
52 o f  163
C h a p t e r  3; M a t e r i a l s  and Methods
ranged between 98% RH and 11% RH [185] as shown in Table 3.1. Silica gel was also used to 
further dry the samples already reduced at 11% RH.
Salt Solution Chemical Formula Relative Humidity at 20°C (%)
Potassium  Sulphate K2 S O 4 97.59 ± 0 .5 3
Potassium  Chloride KCI 85.11 ± 0 .2 9
Sodium Chloride NaCI 75.47 ± 0 .1 4
Ammonium Sulphate (NH 4)S04 81.34 ± 0 .3 1
Potassium  Iodine Kl 69.90 ± 0.26
Potassium  Carbonate K2 CO 3 43.16  ± 0 .3 3
M agnesium Chloride MgCL 33.30 ± 0 .3 1
Lithium Chloride LiCI 11.31 ± 0 .3 1
Table 3.1; Salt Solutions used in relative humidity chambers. Values from ref [185].
The laboratory temperature in which the RH chambers were stored was regulated to be stable at 
around 20°C and was monitored using a 174 Testo temperature logger. The typical range o f 
temperature observed over the course o f a week, with 24 hours monitoring, was between 20.2°C 
to 21.5°C giving a median value rounded up to 21°C ± 6 %. The wood samples were suspended 
over the salt solution on a fine mesh with a double lid to prevent condensation dripping onto the 
sample, as illustrated in Fig.3.2. After being allowed to equilibrate for a minimum of at least one 
week and up to 44 days, the samples were removed and weighed until a constant weight was 
achieved. When ready the samples were prepared for measurement as detailed in Section 3.1.2.1.
Outer lid / Nesco film
Outer box 
Fine mesh 
Raised stand
.Inner lid 
Samples
.Salt solution
Figure 3.2: Isometric projection of a relative humidity chamber used for moisture
variation of the non-living wood samples. Not drawn to scale.
To vary the moisture content above FSP a fresh sample with initially high moisture content was 
simply allowed to dry down by exposure to air at 20-21°C ambient conditions in the laboratory, 
allowing excess moisture to evaporate. To raise the moisture content, samples were boiled in 
distilled water rapidly until they sank; this took several hours. After boiling the samples were 
removed, quickly cooled in a fridge and patted dry then prepared for measurement as described in 
Section 3.1.2.1.
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3.1.2.3. Exchange with D 2 O
Deuterium Oxide (D 2 O) was used to suppress the dominant water signal in order to investigate 
the solid signal. Samples of Sitka spruce (sticks) were immersed in a vial o f pure D 2 O (Sigma- 
Aldrich Chemicals) for 24 hours then put into a fresh vial o f D 2 O for a further 24 hours. For 
measurement the sample was removed from the vial and put into a test-tube containing fresh 
D 2 O, which was then sealed using Nesco fihn.
3.2. NMR Systems
For the characterization o f wood, two magnets were used: a permanent magnet which was used to 
measure the living sample and a 20MHz permanent benchtop magnet which was used to measure 
the non-living samples. A block diagram of a simple NMR system is shown in Fig.3.3 and the 
individual systems are described in detail below.
Computer
rf Amplifier
Signal pre­
amplifier
Transmitter
Receiver
Magnet and 
Probe
Figure 3.3: Block diagram showing a typical NMR system.
rf field, Bi
3.2.1. 2.6 MHz Magnet
A permanent Watson 10 box magnet (Oxford Analytical Ltd, UK) operating at a proton 
frequency of 2.6MHz was used to perform measurements on a living sapling as shown in Fig.3.4. 
The magnet was raised on aluminium bricks to allow the plant pot to sit underneath and the stem 
to be positioned centrally within the probe. The probe was mounted on and held in place by a 
Perspex frame that was screwed onto the top of the magnet housing and secured by a base around 
the bottom of the stem, in the soil. The lower branches o f the sapling were removed to enable 
insertion into the coil, but when placed inside the probe the remaining branches acted as an RF 
amplifier and the signal was drowned by the noise. A shielding box was made using aluminium 
foil which was earthed to an aluminium sheet upon which the magnet was sat. The box was 
placed over the magnet and both the magnet and probe were earthed to the box which reduced the 
noise sufficiently to allow the signal to be seen.
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1. Living sapling sample
2. Perspex probe frame
3. Permanent magnet poles
4. Aluminium bricks
5. Aluminium base plate
6. RF out
7. Earth cable
8. Aluminium shielding box
Figure 3.4: NMR system for measurement of a living sample at 2.6 MHz. Left;
Photograph of living sample in-situ. Right: Isometric projection of the 2.6MHz 
equipment with living sample.
The probe was a purpose built saddle coil, using the optimum geometry [186], with 5 turns along 
an 8 cm length, mounted on a Perspex cylinder with 32mm internal diameter, which had a 1cm 
opening running down the full length to allow the sapling to be inserted into the probe as 
illustrated in Fig.3.5. The saddle coil was tuned using a parallel resonance circuit [163] and was 
oriented so that the magnetic field, B j  ran orthogonal to the static field, B q .
Watson magnet poles
>
Perspex probe frame
Copper saddle coil
Opening In frame for 
sapling
Figure 3.5: Stylized drawing of the saddle coil used as a probe for measurement of the 
living sample at 2.6MHz.
The coil was part o f an RF oscillator tuned to and a computer was used to drive a Maran DRX 
Spectrometer (Resonance Instruments, UK) which switched the oscillator so that the probe served 
as both a receiver and transmitting coil. The signal was amplified by a pre-amplifier after it had 
passed through a quarter wave cable filter [163] to eliminate unwanted frequencies. The 
experiments were performed using RINMR Version 4.6.0 (Resonance Instruments Ltd.) for data 
acquisition and the raw data was exported as ASCII files for processing. The laboratory in which 
this equipment was used was not air conditioned and ranged in temperature between 20°C and 
35°C.
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3.2.2. 20 MHz Magnet
Measurements on non-living wood samples were made on a single coil 0.5 Tesla Maran Benchtop 
Pulsed NMR Analyser (Resonance Instruments, UK) operating at a proton resonance frequency 
of 20MHz. A solenoid coil was used to both transmit the RF pulse to the sample and to detect the 
magnetic field gradient generated by the precessing nuclei The probe was suitable to measure 
samples in standard NMR tubes o f around 1cm external diameter and 1cm depth. The hardware 
was standard (Fig.3.3) and all experiments were carried out in a temperature controlled laboratory 
stable at 21°C ± 6 %.
3.3. Experimental Procedure
This section is divided into four headings and covers the experimental methods used in this thesis 
to characterise living and non-living wood using the equipment operating at 2.6MHz and 20MHz. 
The results from the experiments described below are presented in Chapters 5 and 6 .
3.3.1. Ti and T? Characterisation
The mesurements used to determine T\ and Ti relaxation of living and non-living wood samples 
at varied moisture contents at both 2.6MHz and 20MHz were a Free Induction Decay (FID), a 
CPMG and an inversion recovery, the pulse sequences o f which are shown in Fig.3.6.
RF Pulse
90 >IV
Time FID: [[F9o-FID]-RD],
RF Pulse
90x 180y 180y 180y 180ykl A i A I' A I ,
RF Pulse
2t 4t
180y 90X
I IV .
Time
Inversion Recovery: [[Figo-r-Fgo-FID] „-RD],
Figure 3.6: Pulse sequences for the V  and T2 characterisation of wood. Top to bottom:
FID, CPMG and Inversion recovery.
The FID consists o f a pulse which rotates the magnetisation onto the transverse plane where it 
decays with characteristic time T2 *. A 90°% pulse is used for the same purpose in the CPMG
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pulse sequence except that after a time interval t, during which the spins have de-phased, a 180°y 
pulse is applied which inverts the spins so that after 2 ra  coherent magnetisation is reformed with 
amplitude reduced by the irreversible loss due to spin-spin interaction only and not magnet 
inhomogeneity. An echo train consisting o f n inversion pulses was used with n being sufficient to 
allow the signal to decay fully and so recording the T2 decay time. This required a total duration 
of around one second.
The inversion recovery pulse sequence consists o f a series o f FID’s. The magnetisation which 
has partially recovered during the variable evolution time x, which follows the 180° pulse, is 
converted to transverse magnetisation by the 90° pulse. A series o f measurements with n number 
of T values is used to map the return to equilibrium magnetisation which reveals the T 1 decay 
time. In this project logarithmically spaced rvalues were used.
At 20MHz a modified CPMG was used. This pulse sequence used a logarithmically increasing 
time delay r, which increased from a minimum to a maximum value along the echo series as 
illustrated in Fig.3.7. The logarithmic spacing o f the time intervals allows for shorter echo 
spacing at the start o f the decay, which enables information to be collected from the fast decaying 
components, whilst the longer spacing at the later end of the decay meant that fewer RF pulses 
were required to achieve the same overall length o f theTz measurement.
^  90x 180y . 180y 180y 180y 180y
IvIaIaFa IA IRF Pulse
Time<----------M--------- H------------ X------------ K-2P°t 2p'x 2p'^\ 2p'^\ 2p'^\
Logarithmic CPMG; [[P9 0  -{t0 -P
Figure 3.7; Pulse sequence for modified CPMG with logarithmically spaced x values, 
where n is the number of echoes.
In order to ensure the fully recovered signal was acquired, a recovery time, estimated at a 
minimum of 5 G relaxation time, was waited in between consecutive scans of all pulse sequences. 
This repetition delay (RD), is necessary to re-establish 99% of the thermal equilibrium. Initial 
values o f T\ were determined to be around 200ms, thus RD=ls. All measurements were 
perfonned for m number of signal averages. After an RF pulse is applied via the transmitter coil, 
a delay period is necessary to ensure the probe is no longer oscillating (ringing) with the 
transmitted RF pulse before data acquisition begins. This is the dead-time (U). For the 2.6MHz
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equipment /d = llOus; the 20MHz benchtop spectrometer was shorter, td =15jis. The data 
parameters used for these pulse sequences at 2.6MHz and 20MHz are summarised in Table 3.2.
Pulse Sequence 90°(MS) T min X max Nech/ No. FIDs RD (s) Averages
NMR Frequency 2.6 MHz
Inversion Recovery 12.4 0.05 s 1.1 s 42 1.5 128
CPMG 12.4 250 FS 2040 1.5 1024
NMR Frequency 20 MHz
FID 2.1 — — -- 2.6 64
Logarithmic CPMG 2.1 100 MS 0.1 s 64 2.6 256
Inversion Recovery Long 2.1 0.02 s 2 s 24 2.6 64
Inversion Recovery Short 2.1 0.02 s 4 s 28 10 64
Table 3.2: Summary of parameters used for T\ and T2 characterisation at 2.6MHz and 
20MHz.
3.3.1.1. Data Analysis
The data was acquired in quadrature. After acquisition the data was exported as text or ASCII 
files and rotated by altering the phase angle (in degrees), 0  until oscillated as close to the zero 
baseline as possible to achieve optimum re-phasing. The following equations were applied to the 
raw data,
S[ =  6". cos(^2;r / 360) -1- S-^  sin(^2;r / 360) 3-1
S'. = 5'j sin(^2;r / 360) + cos(6»2;r / 360) 3-2
Rotation o f the data obtained from the benchtop spectrometer was carried out using a short script 
in Matlab (Version 7.1) and data from the Watson Box magnet was rotated using Microsoft 
Excel. Further analysis was performed on the phased real data {S i) using Origin Version 6.1. 
This consisted o f fitting non-linear curves to the data in the form o f multi exponential decays as 
detailed in Chapter 4.
3.3.1.2. Tree-Drying Experiment
This experiment was designed to investigate the changes in relaxation times and related signal 
amplitudes o f a living plant over a period o f time during which the plant was deprived o f water. 
Measurements were made at ambient laboratory temperatures at a frequency o f 2.6MHz using the 
equipment described in Section 3.2.1. CPMG and inversion recovery measurements were taken 
twice daily and at all other times the shielding box was removed to allow sunlight to reach the 
plant. A sample o f soil was daily taken from the plant pot from at least mid way depth. This
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sample was weighed, placed in an oven at 102®C for 24 hours and then reweighed to obtain the 
moisture content. The experiment lasted for 22 days during which time the plant endured drought 
conditions.
3.3.2. Solid Echo
The initial part o f the Bloch decay is hidden in the dead time, which, in the case of the magnet 
operating at 20MHz was circa 15ps. The solid echo pulse sequence [182], as detailed in 
Fig.3.8, enables zero time resolution, thus allowing any fast decaying signal obscured in the dead 
time to be revealed. A 90° RF pulse was applied along the x axis putting the magnetisation into 
the transverse plane and after time tse, where < s^e <F2 , a further 90° pulse was applied along 
they axis. The pulse sequence was repeated for tse values o f 15ps, 20ps, 25ps, 30ps and 35ps. 
For each tse measurement 256 averages were made with 2.6s repetition delay. The dead time 
was reduced to lOps for this experiment, and the data cropped manually after acquisition to start 
at 24ps, in order to ensure no electronic ringing was included in the data. The sampling rate was 
Ips with a spectral width of IMHz and 128 points collected over the echo so that the collection 
period spanned 139ps from the end of the second 90° pulse.
RF Pulse
Time
Solid Echo [F’9o'T-F*9 o]-RF)
RF Pulse
90,
Solid Echo T>/d: [P9 0  r-F*9 o]-RF)
Time
Figure 3.8: Pulse sequence diagrams illustrating the solid echo. Diagrams adapted from 
ref [182]. Showing solid echo were (top) r-fj and (bottom) t>tà,.
Double measurements were acquired; after each sample was recorded a measurement was made 
which used an NMR tube containing just PTFE tape. This was subtracted from the sample data 
before rotation to remove any fast decaying signal from the PTFE, probe, or other contaminants. 
The data was phase corrected in Microsoft Excel and further analysed in Excel and Origin 
Version 6.1. A series o f measurements using Spruce sapwood sticks, over a range o f moisture 
contents were carried out. Samples were varied in moisture content as detailed in Section 3.1.2.2.
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3.3.3. Ti-T2 Correlation
Whilst the experiments detailed thus far determine the Ti and 7% separately, the Tx-Ti correlation 
pulse sequence enables the simultaneous measurement o f both these relaxation properties in the 
same experiment. The data was collected on a benchtop spectrometer as detailed in Section 3.2.2, 
using a T^-Tj log pulse sequence shown diagrammatically in Fig.3.9. The pulse sequence 
incorporates both inversion recovery and CPMG in two time periods. The time delay, t\ 
separating the first 180° pulse from the 90° pulse is taken from logarithmically spaced values 
between and Ti_max. During this part of the pulse sequence sample magnetisation recovers 
along the z axis, thus a measure o f T\ relaxation time is obtained during period t\. For every T\ 
time delay the remaining series of pulses form a CPMG, recording the T2 relaxation time. The 
time delay between the 90° pulse and the 180° pulse that follows is T2 , 2%2 increases 
logarithmically from a minimum to a maximum value along the echo series. The values o f T2 
together with the number o f echoes in the CPMG sequence result in the time delay G, the overall 
time elapse of the T2 capture. Thus the experiment builds a two dimensional data set o f M (7, /%) 
encoding T\ in the C direction and 72 in the t2 direction.
All 7]-72 correlation spectra were collected on the benchtop spectrometer at 20MHz as detailed 
in Section 3.2.2 using 2 .Ips for the 90° pulse length and 4.2ps for the 180° pulse length. The 
inversion recovery delay was varied logarithmically with t\ = 0.1ms to 100ms in 128 intervals. 
The T2 minimum used was 3Ops with a maximum of 49ms over 64 logarithmically spaced echoes. 
This achieved a total decay time of Is. Repetition delay was 2.6s and the sampling rate was 
1/5 ps with a filter width o f 2MHz.
ti t2
-►-4-
RF Pulse
180y 90x 180y 180y 1 80y
J__MAI A I
----------- —— ><----------- Tirne<------------------- X-----------
' 'I  2 r , a °  2 t , &
Ti-T i correlation: [[Pi8o-ri-]-^’90-[r'2A-^i8o-r2A’^ ‘].]-RD]»i
Figure 3.9: T1-T2 correlation pulse sequence diagram.
Several series o f 7]-72 correlation experiments over ranges of moisture contents were performed 
on wood samples. To enable comparisons to be made between species both larch and spruce 
samples were used. From each o f these species the heartwood and sapwood were measured 
individually. The woods were varied in moisture content using both air drying and RH chambers. 
Spruce sapwood samples that had been exchanged with D 2 O were also measured.
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The output data from the PC is in the form o f an array sized by the number o f echoes along one 
axis and the number o f x values along the other axis. This data array was phase corrected using 
Matlab Version 7.1 and then further analysed with a script incorporating the fast Laplace 
Inversion (FLI) provided by Song [187] which converts the data to 2-D spectra.
3.3.3.1. Data Analysis
The measured data o f the T 1-T2 correlation experiment, M is a matrix o f sampling time ti and G 
which are related to the function o f the probability density o f the two relaxation mechanisms 
(F (ri,72))b y[188],
f   ^ J 2/
M(ty^2 )=  ,7^) 1 - 2 exp ^  exp dT^ dT^  + E{t ,^ )  3-3
V y
where E {t\ ,^ 2 ) is the experimental noise, assumed to be additive, zero mean, white Gaussian and 
(l-2exp-(fi/7i)) is the product kernel, k\ for 7 i, and exp-(/2/72) is the product kernel k 2 for T2 . 
Eq.3.3 can be approximated by a discretised matrix form [189],
M  = K ,F K '2 + E  3-4
where K i, F, K 2 are discretised versions o f k \, k 2 and F respectively. Inversion o f such a matrix
is an ill-conditioned problem, the solution o f which is generally unstable. It is only in recent
years that the development by Venkataramanan et al. (2002) [189] o f a computer algorithm for a 
fast Laplace inversion (FLI), deemed by the community to be sufficiently robust for the task, has 
enabled fast robust analysis o f 2-D data sets. The FLI algorithm presented by the authors 
performs a least squares fit on the 2-D data set using a regularization method to make the 
inversion less ill-conditioned, as follows,
\M -K ,F K 'f  + a \F f  3.5
where a  is a parameter that controls the régularisation and is chosen such that the first and second 
terms in Eq.3-5 are comparable and the fit error is similar to the known noise variance. In 
general, a  is reduced to the smallest value possible before the solution becomes unstable to very 
small changes in the input data. It therefore avoids over interpretation o f minor unstable features. 
Others have looked in detail at this and the régularisation parameter has been set in the analysis 
presented here at a signal to noise o f a few hundred to one, when the data had two or three main 
components in 72, with the components separated by a factor o f the order o f seven or more [201].
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In this thesis the stability o f the solutions to a small amount of noise equivalent to the background 
RMS has been checked. Data has been discarded where this was not the case.
3.3.4. T2-T2 Correlation
There are three time intervals in this experiment as shown in the pulse sequence in Fig.3.10 
comprising two CMPG measurements separated by a storage delay (rsxoRE)- During t\ a CPMG 
echo train with n inversion pulses is collected with logarithmic spacing between Tmin and Tmax but 
rather than collecting the entire CPMG the echoes are incremented from 0 to n-\ over the n 
repeats of the sequence. After the nth echo in each sequence we begin G and a 90° pulse is 
applied, storing the magnetization along the +z and - z  axis for a time delay given by zstore- This 
period, during which exchange of longitudinal magnetisation can occur, is consistent during 
repetitions of each experiment but is varied between experiments and is followed by ?3 , the 
acquisition of a second CPMG series with m, logarithmically spaced inversion pulses. Thus a 
two dimensional data set o f « x w is collected. The experimental averages are repeated after a 
delay time o f Zrd and the experiment is repeated using variable store periods. The storage 
periods used were as follows; 0.7ms, 1ms, 1.5ms, 2ms, 2.5 ms, 3ms, 4ms, 4.5ms, 6ms, 7.5ms, 
9ms, 12ms, 16ms, 24ms, 32ms and 48ms.
RF Pulse
90x 180y  ^ 180y 180y 90x
1
wwy _
I iii  I
90x 180v 180v 180v
2p'x 2p'"'x
kliml A ■
V '^STORE (^ 2) I
n ec h o e s  ( i)  m ec h o e s  (fs)
T2 -T2 correlation: [[Pi8o-'ri-]-P9o-[r2 -P i8o-T2 ]«]-RD]m
Figure 3.10: T2-T2 correlation pulse sequenee diagram.
To measure the T2 correlation of wood 128 echoes were used with Zmin of 30ps and z^ ax o f 28ms 
resulting in a T2 capture period o f 1.13s. The 90° pulse length was 2 .Ips and 180° pulse was 
4.2ps with a sampling rate o f 1 ps"^  and filter width o f IMHz. In order to obtain as many averages 
as possible for what is a long experiment, the repetition delay was set at 1.5s. Most experiments 
were carried out with 128 averages and for a single Z s t o r e  this took 12 hours, but in order to 
increase signal to noise at higher Zstore up to 1024 averages were used. Values o f storage delay 
times ranged between 70ps up to 48ms. Experiments were carried out on samples o f Sitka spruce 
both heartwood and sapwood separately. The samples used were prepared using Araldite to 
allow for the long duration o f the experiments.
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3.3.4.1. Data Analysis
The output data from the PC is in the form o f an array sized by the number o f echoes with the 
values from the ti time period along one axis and the values from the G time period number along 
the other axis. This data array was phase corrected using Matlab (Version 7) and then further 
analysed again using Matlab (Version 7.1) with a script incorporating the fast Laplace inversion 
as described for the T 1-T2 correlation. In the T2 -T2 correlation version o f the Laplace algorithm 
the kernels k\ and ^ 2  correspond to the spin-spin relaxation that occurs during time periods ti and 
ts respectively so the kernel product for ki is. exp-(fi/T2 ) and for k 2 is exp-(/3/72)-
3.3.5. Error Determination
3.3.5.1. Data Analysis
A selection o f data sets were chosen from each set o f measurements to represent the range o f 
signal to noise ratio achieved in the entire set. This usually correlated to moisture content, with 
high signal to noise ratio (S/N) in high moisture samples. In order to determine a reasonable 
error for the data due to signal analysis, imcorrelated noise with a Gaussian distribution was 
added to the raw data set. The noise had a random probability with standard deviation and mean 
equal to that o f the baseline noise o f the actual data set. For the CPMG and FID measurements 
representation o f the baseline noise was taken from the latter third o f the decay curve, where it 
was decided that the signal had decayed. The noisy data was then reanalysed and the entire 
process was repeated four times. The error associated with each parameter was taken as the 
standard deviation o f noisy data from the original data. The largest error was taken and used.
The same method was used for the correlation data plots. The noise in the FLI algorithm is 
assumed to be Gaussian so a layer o f randomly generated noise o f the same amplitude to that in 
the original signal was created and added to raw data prior to Laplace transformation. The 
correlation spectra were analysed as described in later chapters, and the deviation from the 
original recorded. The process was repeated six times using data from samples across the full 
range o f moisture contents used, and the largest error used.
3.3.5.2. Bio-variability
Exactly the same result would not be obtained for two different samples due to differences such 
as cellular composition (e.g. lumen size distribution) and extractive content, but a reasonable 
agreement would be expected from two similar samples (species and wood type) from the same 
disc at the same moisture content. In order to estimate the bio-variability in the data, for each 
method a measurement was made on two samples o f the same moisture content, wood type and 
from the same disc. Due to the necessity that the samples were at the same moisture content, this
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was only carried out using samples below FSP, For each method a few comparisons were made 
at different moisture contents and the standard error o f the values obtained after analysis were 
used to assign a percentage error due to bio-variability.
3.3.5.3. Systematic Error
Factors such as the way the sample was handled, time for preparation, lab temperature and 
equipment movement etc. can all introduce an error into the data. To estimate the error in the 
data arising from such systematic processes, the same measurement was repeated on the same 
sample. In-between repeat measurements the sample was removed from the test-tube, re-wrapped 
and replaced into the magnet probe. A  selection o f moisture contents was used for each 
measurement and the error associated with the systematic procedures was calculated from the 
difference in the analysed data between the repeats.
3.3.5.4. Moisture Content
The majority o f the error associated with the moisture content as determined by oven drying arose 
due to the following factors: sample mass loss during processing; moisture increase due to wood 
hydroscopic nature and the error associated with weighing the samples. The errors associated 
with mass loss result in increased moisture content as more o f the original weight is attributed to 
moisture. Mass loss during sample processing was estimated to be a maximum o f 2mg. This is 
2.5% o f the mass o f the smallest sample. The electronic scales themselves require an error o f ± 
2mg.
Another important error regards the determination o f the moisture content o f the heartwood 
specifically. The heartwood contains a higher level o f extractives than the sapwood and being 
volatile these are likely to evaporate from the sample whilst being oven dried. This will result in 
an overestimation o f the sample moisture content. The samples used were spruce and larch. 
Larch has high levels o f reported extractives, whilst Sitka spruce has lower levels. In order to 
take all the above factors into account, the error associated with the heartwood moisture content 
were +5% for spruce and larch and -10% for spruce and -15% for larch. The sapwood was ±5%.
The consequence o f wood being hydroscopic is that after being removed from the oven the 
sample would immediately begin to take up water from the atmosphere. Monitoring o f an oven 
dried sample on the weighing scales for a length o f time comparable to that taken to weigh, wrap 
and seal the sample in the test tube was used to estimate a maximum increase in moisture of 
<lmg. To allow for this possible increase, an estimate was made that a small amount o f water 
was taken up by the sample before being sealed in the test tube, thus the oven dried sample was 
taken to actually be at 0.5 %MC.
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4. NMR Characterisation of Wood and Trees
This is the first o f the two chapters presenting the results o f relaxometry measurements made on 
wood and trees. This chapter presents the 1-D experiments used to determine T\ and T2 
relaxation times in both living and non-living wood samples, whilst the following chapter 
presents the 2-D correlation measurement results. The results o f the 1-D measurements shown 
here serve not only to characterise the wood, but also to enable comparison with relaxation 
studies already existing in the literature and to establish that the correct parameters are being used 
for more complex NMR procedures. Four 1-D measurements were carried out and the results 
from each o f these are given in the following order: FID (Ti*), CPMG (T2 ), inversion recovery 
(Ti) and the solid echo (solid fraction). Results, analysis and interpretation o f each o f these 
measurements are presented in individual sections beginning with an exemplary measurement 
made above FSP. For all excepting the FID this is followed by a detailed analysis across a range 
o f moisture contents and wood type. For the CPMG and inversion recovery data there is a further 
division into results o f measurements made on living wood at 2.6 MHz and the results from non­
living wood samples at 20 MHz. Within the 20 MHz CPMG sub-section there is included data 
from both heartwood and sapwood samples.
Each individual section finishes with a discussion o f the results, which focus on assigning the 
observed components as distinguished by their relaxation times to separate compartments within 
the wood. At the end of the chapter there is a brief conclusion bringing together observations 
from each measurement, with a summary of the assignments made. Pre-empting the discussion to 
come, five components will be identified with T2 times which span several orders o f magnitude. 
These components will be notated according to their T2 relaxation times as follows: very short 
few ps), short (^2 ,^ lO’s ps), intermediate {T2 , few ms), long (7:% lO’s ms) and very long 
(7'2'',~100ms)
4.1. Free Induction Decay
The free induction decay (FID) o f a fresh (green) Sitka spruce sapwood sample above FSP at 
98% MC is shown in Fig.4.1. The sample was prepared as detailed in Section 3.1.2.1 and was 
coated in Araldite to prevent moisture evaporation. As expected, the Araldite signal decayed very 
fast so was not seen. The measurement was made on the 20MHz system detailed in Section 3.2.1 
using the FID pulse sequence (Section 3.3.1) with a system dead time o f 17ps.
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Figure 4.1: Free induction decay of a Sitka spruce sapwood sample at 98MC%. The 
black circles represent the data and the red line the non-linear fit to the data.
After phasing the data the decay o f the FID was fitted to a non-linear equation that incorporated 
both a Gaussian and single exponential decay (Eq.4-1). A Gaussian is taken as representative o f 
an FT of a broad dipolar line, itself a Gaussian line shape. The exponential is the FT o f a 
lorentzian, characteristic of a narrow line.
GXp
- r
+ ^M exp rp M + To 4-1
This equation yields the time constant for the Gaussian fit with corresponding amplitude h  
and for the mobile, exponential part o f the fit, with corresponding amplitude lu -  For the fit 
in Fig.4.1 the baseline offset (yo) was negligible and the fit parameters yielded T2  ^ relaxation 
time o f 16jus with 57% of the total amplitude and T :^  relaxation time of 793ps with 43% of the 
amplitude.
4.1.1. Interpretation o f the FID
The yielded transverse relaxation times of 793 ps and 16ps are consistent with those already 
reported in the literature from similar FlD’s on wood samples. The 16ps component is fitted 
using a Gaussian decay rather than an exponential and is assigned to the wood solid . The more 
mobile component o f 793 ps was fitted with an exponential decay and represents the transverse 
decay of the liquid component as shortened by magnet inhomogeneity. Field inhomogeneity 
shortens the true relaxation time constant to the observed value as per.
1
F obs
1 2
rj^ true rj\* 4-2
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Thus incorporates transverse relaxation from both magnet inhomogeneity (T2 *) and spin- 
spin interactions The mobile component is better studied using the CMPG method which
reveals However, the amplitude o f the 793ps component from the FID allows proper
accounting o f the water fractions, when compared to the very short component in the CPMG 
analysis.
4.2. CPMG Pulse Sequence
The CPMG pulse sequence as shown diagrammatically in Section 3.3.1 provides a measurement 
o f the transverse decay for spin-spin relaxation only. The results presented below are from 
phased data.
4.2.1. Measurements Made at 2.6MHz
The following results were obtained from a living Leylandi sapling using the experimental set up 
described in Section 3.2.1 and following the procedure described in Section 3.3.1.2. The CPMG 
used equally spaced rvalues o f 250ps with 2040 echoes to achieve an echo time o f just over Is.
4.2.1.1. Exemplary Measurement Above FSP: Living Sample
Fig.4.2 shows an example o f a CPMG for a living tree made on day 0 o f the experiment. The 
CPMG data was fitted using an exponential decay curve given by Eq.4-3 where «= 1, 2 or 3.
+  To 4-3
The time constants from this fit yield the T2 relaxation values and the corresponding signal 
intensity (//) indicates the respective amplitudes. The offset (yo) is a measure o f systematic error 
and if  large indicates that the sample has not fully relaxed or is ‘spin locked’. The CPMG is 
shown fitted with an exponential fit where k=3 is shown in the main chart in Fig.4.2. It was not 
possible to satisfactorily fit a quadruple decay curve to the data. The insets in Fig.4.2 show the 
CPMG data fitted with n=\, 2 and 3, zoomed into the initial data points. It can be seen from these 
that the bi-exponential decay fits the data better than the single. The triple exponential decay 
provides the most comprehensive fit to the data as it also fits the earlier data points that the other 
two fits omit. The values yielded from each fit are given in Table 4.1 which also gives the and 
values as indicators o f the fit quality. Describing the fit parameters from the triple exponential 
fit according to the speed o f the spin-spin relaxation, there is a component showing an 
intermediate decay {T2 o f 2.8ms), a component with a long decay { T f  o f 68ms) and one with a 
very long decay (72^ o f 177ms), having amplitudes o f 24%, 49% and 27% respectively. The 
errors given in Table.4.1 are those calculated for random noise in the data.
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Figure 4.2: CPMG data from the living wood sample on day 0 at 2.6MHz. The black 
data points are the CPMG data and the red line shows the exponential decay curve fitted 
to the echo envelope. The main chart shows the data fitted with a triple exponential 
decay and the insets show each fit for n=\,2 and 3 zoomed into the initial part of the 
curve.
Fit n
Parameter 1 2 3
0.991 0.996 0.997
/ 0.0017 0.0078 0.0053
Offset 0 . 1 2 0.084 0.034
Tz' 21 ms ± 5% 2.8 ms ±7%
/i 27 % ± 3% 24% ±3%
Tz' 90 ms ± 3% 68 ms ±2%
II 1 0 0 % ±1% 49% ±2%
T2^ 117 ms ±1% 177 ms ±2%
/v 73 % ± 1% 27% ±4%
Table 4.1: Fit parameters obtained from exponential fits applied to CPMG data for 
living sample at day 0. All amplitudes are normalised to the sample at day 0. Also given 
are the reduced Chi-Squared (j^) and agreement (R^).
4.2.1.2. Influence o f  Moisture Content on Water Components
Over the 22 day period o f the experiment no water was given to the living sapling. At the end of  
this period there was a decrease in the overall signal amplitude o f the CMPG of around 25%
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when compared to the measurement made at day 0. The CPMG recorded on day 22 is shown in 
Fig.4.3 with exponential decay curves fitted to the data as before.
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Figure 4.3; CPMG curve from the living wood sample on day 22 at 2.6MHz. The black 
data points are the CPMG data and the red line shows the exponential decay curve fitted 
to the echo envelope. The main chart shows the data fitted with a triple exponential 
decay and the insets show each fit for «=1,2  and 3 zoomed into the initial part of the 
curve.
Fit n
Parameter 1 2 3
0.859 0.918 0.921
/ 0.0076 0.0044 0.0043
Offset 0.031 0.015 0.013
Tz' 6.9 ms ±15% 3.0 ms ± 4%
1, 19% ± 6 % 14 % ± 6 %
T2^ 20 ms ± 2%
II 7 % ± 2%
72" 119 ms ±10% 102 ms ±15% 116m s ± 2%
/v 18 % ± 3% 11 % ± 7% 7 % ± 2%
Table 4.2: Fit parameters obtained from exponential fits applied to CPMG data for 
living sample at day 22. All amplitudes are normalised to the data at day 0. Also given 
are the reduced Chi-Squared (j^) and agreement (R^).
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The main chart in Fig.4.3 shows the data fitted with the triple-exponential decay curve. The 
insets show each curve zoomed into the initial data points for «=1,2  and 3. As seen in the inset 
for «=1 the data was multi-exponential. The triple exponential fit also succeeded in fitting the 
initial data points that the other fits missed. The data yielded from each of these fits to the CPMG 
on day 22 are given in Table.4.2. When compared with the data from day 0 it can be seen that 
and T;" had both shortened significantly, whereas remained similar to day 0 value.
During the experiment the moisture content o f the soil o f the living sapling was determined by 
gravimetric analysis; this data is shown in Fig.4.4 and it can be seen that the soil moisture 
decreased steadily over the 22 day period.
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Figure 4.4: Gravimetric analysis of soil moisture content over the period of
measurement. Measurements made as detailed in Section 3.3.1.2. Error bars show 
represent weighing equipment error.
Fig.4.5 charts the variation in the amplitudes and relaxation times o f the components o f the 
CMPG data over this measurement period, as determined by fitting with exponential decay 
curves. All the data sets were normalised to the amplitude o f the day 0 measurement. On day 0 
the error bars indicate the random noise in the data determined by the addition o f Gaussian white 
noise. The scatter in the data is larger than accounted for by this error. The data points at day 1 
show the error associated with the systematic error in the measurement, such as probe movement, 
acquired by sequential repeat measurements. This error is large enough to account for scatter in 
the amplitude data o f intermediate and long components, but is smaller in the very long 
component. Daily temperature fluctuations would account for a large proportion of the scatter 
seen in the data.
From day 10 to day 15 bounds were added to the data fit. The bounds were necessary to restrain 
the amplitude associated with the component with Tz in the range o f 100ms to 200ms and 
restricted the amplitude to a maximum limit o f 2. This was necessary due to well documented 
difficulties in multi-exponential data fitting [197].
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It can be seen from Fig.4.5 that the amplitudes o f all three components decrease over the 
dehydration period with the most significant reduction in / l. Both the long and very long 
components reduced to intensities below that o f the intermediate by the end of the measurement 
period. The relaxation time 7^ 2^  showed a slight decrease until the amplitude drops to below that 
of the intermediate component at around day 17 and the relaxation time then shows a great deal 
of scatter. shows a slight increase, but it too shows a large amount o f scatter as the amplitude 
decreases rapidly around day 15. The behaviour o f the intermediate component is distinct from 
the other two in that it remained fairly constant in both amplitude (-15%) and relaxation, 
although showed a gradual increase over the measurement period, but this may be within the 
bounds of the systematic error.
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Figure 4.5: Charts showing change in component amplitudes and relaxation times of the 
living sapling over 22-day period. Top chart shows signal amplitude and bottom shows 
the Tj relaxation times for the three components of a triple exponential decay fitted to the 
data. All data is normalised to the initial total amplitude taken on day 0. Errors are 
described in the text.
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4.2.2. Measurements Made at 20MHz
The following data were collected using the benchtop system as described in Section 3.2.2 using 
non-living samples o f Sitka Spruce.
4.2.2.1. Exemplary Measurement A bove ESP; Non-Living Sample
An example o f a CPMG for a fresh Sitka spruce sapwood sample above FSP is shown in Fig.4.6. 
The sample was prepared as sticks and had a moisture content of 98%. This measurement was 
collected using a CPMG pulse sequence with logarithmically spaced r values from 34ps to 
100ms using 64 echoes to achieve an echo time o f 1.7s. The main chart in Fig.4.6 shows the data 
fitted with a triple exponential decay curve. The inserts show the initial part o f the decay fitted 
with decay curves for « = 1,2 and 3 as labelled. Table 4.3 details the yielded fit values.
It can be seen from these data sets that a much cleaner echo envelope was achieved using the 
logarithmic pulse sequence. As fewer pulses were required, the possibility o f heating the sample 
during the measurement was greatly reduced. The data was multi-exponential as expected thus 
the single decay curve was insufficient to fit to the data. The bi-exponential curve showed some 
improvement, but the triple fit was able to include the early data points, thus including a faster 
decaying component. A four component fit was also attempted, but unsatisfactory results were 
obtained as the additional component merely divided between existing components.
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Figure 4.6; CPMG envelope for a fresh sample of Sitka spruce with 98% MC at 20MHz. 
The black data points are the CPMG data and the red line shows the exponential decay 
curve fitted to the echo envelope. The main chart shows the data fitted with a triple 
exponential decay and the insets show each fit for «=1,2 and 3 zoomed into the initial 
part of the curve.
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Fit
Parameter 1 2
n
3
f e 0.973 0.999 0.999
/ 0.316 0.0022 0.0005
Offset 0.27 0.010 0.0074
72® 0.081 ms + 8%
Is 8% ±6%
Tz' 3.5 ms ±1% 3.8 ms ±1%
h 31 % ±1% 28% ±1%
Tz' 54 ms ± 1% 91 ms ±1% 91 ms ±1%
/ l 100% ±6% 69% ±1% 64% ±1%
Table 4.3: Fit parameters obtained from exponential fits applied to CPMG data for Sitka 
spruce sample at 98% MC. All amplitudes are normalised to data taken at 98% MC. Also 
given are the reduced Chi-Squared (j^) and agreement (R^ ).
The very long component present in the living sample data was not seen in the CPMG made on 
the non-living sample. Instead, the third component seen was that with a short decay (72^), which 
was not seen in the living tree data. The triple exponential fit yielded a o f Sips (8%), T2  ^o f  
3.8ms (28%) and of 91ms (64%). Larger errors are seen associated with the short parameters 
in the triple exponential fit.
4.2.2.2. Influence of Moisture Content on Water Components
The moisture content o f the spruce sample was reduced by air drying from 98% to 0% MC in 
stages. Fig.4.7 shows a CPMG measurement from a Sitka spruce sapwood sample at 14% MC 
with the data fitted with the multi-exponential fits, as before.
The data set was normalised to that o f the 98% sample; the overall signal amplitude was only 
16% o f that o f the 98%MC data set. The main chart shown in Fig.4.7 shows the triple 
exponential decay curve fitted to the data with insets showing «= 1, 2 and 3 zoomed into the 
initial data points. The insets in Fig.4.7 indicate there were at least two components present, as 
the bi-exponential fit incorporated additional data points. There is no visual evidence for an 
improvement to the fit from using a triple decay curve. However, a triple fit does identify the 
long component and reduces relative to the other fits. Table 4.4 shows the fit parameters 
obtained from all fit curves to the 14% MC data. The triple exponential fit yielded a 72  ^o f 63ps 
(42%), 72^  o f 1.1ms (57%) and 72  ^o f 52ms (1%). However, there is a large error associated with 
the intensity value o f the long component.
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Figure 4.7: CPMG envelope for a fresh sample of Sitka spruce at 14% MC at 20MHz. 
The black data points are the CPMG data and the red line the exponential decay curve 
fitted to the echo envelope. The main chart shows the data fitted with a triple exponential 
decay and the insets show each fit for n=\, 2 and 3 zoomed into the initial part of the 
curve.
Fit
Parameter 1
n
2 3
0.991 0.999 0.999
/ 0.0010 0.0002 0.00006
Offset 0.0090 0.0052 -0.00478
72® 0.070 ms ±5% 0.063 ms ±4%
Is 10% ±3% 9% ±4%
72' 1.0 ms ±1 % 1.2 ms ± 1% 1.1 ms ± 1%
/l 18%  +1% 13% ± 1% 13% ± 1%
72^ 52 ms ±3%
h 0.3 % ± 20%
Table 4.4: Fit parameters obtained from exponential fits applied to CPMG data for Sitka 
spruce sample at 14% MC. All amplitudes are normalised to data taken at 98% MC. Also 
given are the reduced Chi-Squared (%^ ) and agreement (R^).
The data sets in Fig.4.8 illustrate how the relaxation time and amplitude o f the three components 
changed with moisture. The charts include data from two separate Sitka spruce sapwood 
samples. All the data sets were normalised to the dry mass o f the sample and to the amplitude o f 
the sample with the highest moisture content. When feasible a triple exponential fit was used, 
otherwise a bi-exponential fit was used when was not present. The errors are calculated from
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reanalysis after the addition of white noise to the data. Systematic error determined by 
sequentially removing, repackaging and re-measuring the sample was very low -1%. The scatter 
in the data is therefore not accounted for by these sources. More likely is small shifts in the 
laboratory temperature. The agreement between the separate samples is good.
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Figure 4.8: Charts showing change in component amplitudes and relaxation times of 
Sitka spmce sapwood samples with decreasing moisture content. Open and closed 
symbols represent separate samples. The amplitudes shown in the bar chart are relative 
to the total amplitude of the 98%MC sample. All data has been fitted with a triple 
exponential decay curve except for the data at 6 % and 0.1% MC, which have a bi­
exponential decay fit. Error bars are described in the text.
The amplitude of the long component decreases rapidly with moisture loss and disappears 
between below 30% MC. There is also a corresponding decrease in 7%% The intermediate 
component initially remains at a constant amplitude until around 30% MC at which point it too 
decreases rapidly. The relaxation behaviour of this component is more erratic, showing a 
decrease followed by an increase and ranged between 1ms and 6ms. The amplitude o f the short 
component remained constant throughout the drying process, the moisture content showing little 
influence. showed a similar stability, though with a decrease after the sample was oven dried.
4.2.23. Heaitwood and Sapwood Comparison
Two heaitwood and two sapwood cylinders were cut from the same Sitka spruce disc and coated 
with araldite after being allowed to air dry for various time periods. Table 4.5 compares the 
results o f a triple component exponential decay fitted to the CPMG data from all four samples.
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Fit Sapwood Heartwood
Parameter 45% MC 27% MC 68% MC 63 % MC
72® 0.15 ms ± 3% 0.16 ms ±3% 0.18 ms ±6% 0.2 ms ± 6%
Is 24 ±5% 27 ±3% 27 ± 4% 25 ±6%
Tz' 3.3 ms ±1% 2.9 ms ±1% 3.2 ms ± 1% 3.9 ms ± 1%
/i 72 ±1% 65 ±1% 45 ±1% 49 ±1%
Tz*- 39 ms ±6% 37 ms ±8% 76 ms ±2% 81 ms + 1%
/l 4 ± 6% 7 + 6% 28 ±1% 27 ±1%
Table 4.5: Data derived from CPMG measurements made on sapwood and heartwood 
Sitka spruce samples. A triple exponential decay curve was fitted to the CPMG data. All 
relaxation times are given in ms and all amplitudes in percentages of the total. Errors are 
from data reanalysis, after the addition of white noise.
There are no notable differences in fit parameters between the sapwood and heartwood data given 
in Table 4.5. Similar amplitude and relaxation values are shown for both the intermediate and the 
short decaying components.
4,2.3. Interpretation o f CPMG Data
The data collected and presented above from both the living and non-living measurements are 
discussed in this section with each component as identified by the relaxation value being dealt 
with in turn. Overall the values and characteristics o f the separate components were as expected 
and corresponded to those found in the literature.
Firstly, the short decaying signal {Tf)', this component was only detected in measurements made 
on non-living wood using the benchtop at 20MHz. It had a relaxation time in the range 40-200ps 
which varied between samples. If this component was present in the living sampling it would not 
have been observed due to measurement parameters; the first echo was not sampled until ^=500|is 
by which time this short component would have decayed. The relaxation time was sometimes 
less than the first echo time o f the 20MHz measurements (68ps), thus the reliability o f this 
component could be debated.
This component was detected above and below FSP in the Sitka spruce, even in an oven dried 
sample and showed little or no dependence on moisture content. A similar component was 
observed in other studies [135] where it was shown to be present below freezing and attributed to 
the solid phase, or combined with the intermediate component. The short T2 o f this component 
and its persistence at low moisture indicate the protons reside in positions o f high enthalpy. It is 
postulated that these protons could be hydrogen bound to hydroxyl adsorption sites on the wood 
polymer where the close association with the wood polymer would result in magnetic exchange 
reducing the T2 o f the water proton. The assignment o f this immobile component is not obvious; 
it may arise from a layer o f non-freezing water surrounding the microfrbrils.
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The component with an intermediate decay rate, 72^  within the range 1-8ms was detected using 
both 2MHz and 20MHz systems. It persisted below FSP in the non-living sample, indicating it 
was water contained in the cell wall, and was not present after the sample had been oven dried. 
The 7% relaxation time o f this intermediate component had a direct relationship with the moisture 
content below FSP, reducing both in amplitude and decay time as moisture reduced, but was not 
influenced by moisture content above FSP (see Fig.4.8). In previous NMR studies on wood 
(cited in earlier chapters), a component with a T2 o f the order o f a few milliseconds has been 
attributed to bound water and similar characteristics have been observed. According to cluster 
theory [112, 114], the average cluster size increases with moisture content with larger cluster 
sizes being formed at FSP. Above FSP there is little increase in cluster size, thus little change in 
T2 , but below FSP as moisture is reduced clusters grow smaller. As the clusters reduce in size so 
the bond between the water protons weaken, resulting in a strengthening o f the bond between the 
wood polymer and the water directly attached to the wood substrate. As the clusters reduce 
further with falling moisture the bond between the wood polymer and the water reduces the 
mobility o f the water protons and the water proton T2 becomes shorter.
Several studies have indicated a threshold exists at 10% MC below which molecules are directly 
adsorbed to the wood polymer [110, 112] or even within the microfibrils themselves [89]. 
According to water cluster theory [112, 114] above the 10% MC threshold and below 20% MC 
water occupies binding sites with lower energy and may attach to other water molecules. From 
~20%MC to FSP water forms clusters in the cell wall pores. There were too few CPMG data sets 
collected over the range o f moisture contents in the data presented here for the non-living sample 
to enable a conclusive comparison to these regions. Nevertheless, there is some indication o f a 
region below 7% MC where the amplitude o f the intermediate component showed a plateau. 
Between 7% MC and 30% MC there was only one more data point at 14% MC so another region 
cannot be specified, but after -30% MC another plateau was reached and no further increase in 
amplitude was seen (Fig.4.8).
In the living wood sample the amplitude o f the intermediate component did not reduce, indicating 
that despite the drought conditions the cell walls remain saturated. The amplitude o f the very 
long and long components did show a marked reduction over the measurement period which can 
be attributed to a loss o f water from the lumen cavities. Reduction occurred firom the very long 
component first, implying this represented the earlywood, which has been shown before to be 
from where water is lost initially as moisture reduces [97]; leaving the long component to 
represent the latewood.
The very long component was only seen in the living wood sample. A possibility for the absence 
o f the very long component in the non-living sample is loss o f earlywood lumen water via
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evaporation during sample preparation. The long component had relaxation in the order o f lO’s 
ms and was common to both living and non-living samples. The mobility along with the signal 
amplitude o f the long component reduced as moisture content was reduced above FSP and when 
the fresh spruce samples were reduced below FSP, the long component was not longer present, or 
only in negligible amounts. This provides evidence for this component arising from lumen water.
It is possible that the three/four components resulting from the CPMG analysis represent separate 
components but it has to be taken into account that the result o f the measurement analysis is 
sensitive to the chosen method o f deconvolution o f the CPMG [137] and that as the pore 
distribution is a continuum o f sizes, a continuous distribution method o f analysis may be more 
appropriate for the purposes o f wood data. The least squared fitting technique used by Origin 
(Version 6.1) fits the data with the minimum number o f isolated delta functions, using an iterative 
procedure. Whittall & McKay (1998) [137] demonstrated that although a small continuous 
distribution may be more appropriate for wood data, smooth data may also be fit well by discrete 
models. It may be possible that the delta functions in the analysis here represent the mode- 
centres o f multi-modal distributions. The preferable procedure would be to use more than one 
method of analysis. An additional fitting procedure would have enabled comparison between the 
unusual behaviour that occurred during the fitting o f the living sample data. Over a period 
between days 12 and 15 bounds were necessary to prevent the amplitude o f the very long 
component from bouncing to higher values during this period, only to return to a similar 
amplitude after day 15. This may have been due to the similarity between the amplitudes o f the 
very long and long components as they crossed over this period and the effect this had on the 
discrete fitting function used
When comparing the parameters from the CPMG measurements made on the heartwood and the 
sapwood samples there was no obvious difference between the values from the two types o f 
wood. This indicates that, from the perspective o f the CPMG measurements made here, there is 
nothing to distinguish between these tissue types. Perhaps more samples across a wider range of 
moisture contents would have revealed differences.
4.3. Inversion Recovery
The inversion recovery sequence provides a measurement o f the Ti relaxation o f the sample and 
measurements were made using both the 2.6MHz and 20MHz system, as for the CPMG data.
4.3.1. Measurements Made at 2.6MHz
The following results were obtained from a living Leylandi sapling using the experimental set up 
described in Section 3.2.1 and following the procedure described in Section 3.3.1.2. The
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inversion recovery sequence was performed using 42 logarithmically spaced x values between 
0.5-1100ms with a repetition delay o f 2s, using 128 averages.
4.3.1.1. Exemplary Measurement A bove FSP: Living Sample
Fig.4.10 shows an example of an inversion recovery for a living tree made on day 2 o f the 
experiment. The data was fitted using an exponential recovery curve given by Eq.4-4,
i=i
I - a  exp +yo 4-4
where «= 1, 2 or 3. The time constants from this fit yield the T\ relaxation values and the 
corresponding signal intensity (/,) indicates the respective amplitudes. The offset can be 
arbitrarily set to zero, in which case a  represents miss-setting o f the pulse and is expected to be 
less than, or o f the order of 2. In Fig.4.9 the chart shows the inversion recovery fitted with a bi­
exponential recovery curve («=2) and the inset shows the same for a single («=1). A triple fit, 
(«=3) was unsuccessful as it yielded two components with the same Ti value having amplitude 
divided between them.
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Figure 4.9: Inversion recovery data from the living wood sapling taken on day 1 at 
2.6MHz. The black data points are the inversion recovery data and the red line shows the 
exponential recovery curve fitted to the data. The fit in the main chart is for n=2. The fit 
in the inset is for n= \ .
The bi-exponential recovery curve showed a marginal improvement on ^  and values, which 
were 2.8 and 0.99 respectively for the double and 3.11 and 0.98 respectively for the single. There 
was a component (A) with a decay o f the order lOO’s ms, Ti^, which had spin-lattice relaxation
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time o f 192ms ± 1% with 92 ± 1% of the amplitude. The other component (B) had a shorter 
decay time in the order lO’s ms, which for this data set had spin-lattice relaxation time o f 12 
ms ± 10% and constituted 8 ±11% of the amplitude. In the single exponential recovery fit the 
component had Ti o f 180ms and amplitude relative to the bi-exponential fit o f 94%. The values 
of fit parameter a  for these fits were 1.6 for the hi, and 1.5 for the single exponential fit.
4.3.1.2. Influence o f  Moisture Content on Water Components
Inversion recovery measurements were made on the living sampling over an eighteen day period 
from day 3 to day 18 o f the experiment. All data sets were normalised to that taken on day 3. On 
day 18 the total signal amplitude was 63% of that at day 3. The inversion recovery recorded on 
day 18 is shown in Fig.4.10 with exponential recovery curves fitted to the data as before. The 
main chart in Fig.4.10 shows the data fitted with a bi-exponential recovery curve whilst the inset 
shows a single exponential.
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Figure 4.10: Inversion recovery data from the living wood sapling taken on day 18 at 
2.6MHz. The black data points are the inversion recovery data and the red line shows the 
exponential recovery curve fitted to the data. The fit in the main chart is for n=2. The fit 
in the inset is for n=l.
The goodness of fit values and reduced were still superior for «=2 with respective values o f  
1.89 and 0.94 for the bi-exponential fit and 2.32 and 0.92 for the single exponential fit. The a  
values were 1.3 (hi) and 1.2 (single). The relaxation parameters yielded from the bi-exponential 
fit in Fig.4.10 were o f 196ms ±5% with amplitude o f 57 ± 6% and Ti® of 21ms ± 15% with 
amplitude o f 43 ± 7%%. For the single exponential fit the Ti was 104ms and amplitude 40% 
(taken as a percentage of the bi-exponential fit total). The following figures chart the variation in 
amplitude and relaxation of the two components over the measurement period.
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Figure 4.11: Total signal amplitude and gravimetric soil moisture content analysis. 
Total amplitude shows the combined component amplitudes from a bi-exponential 
recovery curve fitted to inversion recovery data. Period shown is from day 3 to day 18 of 
the measurement described in Section 3.3.1.2.
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Figure 4.12: Chart showing the change in component amplitude and relaxation time of 
the living sampling over an 18-day period. Top chart shows the signal amplitude and the 
bottom shows the Ti relaxation times for the two components of a bi-exponential 
recovery curve fitted to inversion recovery data. All data is normalised to the initial total 
amplitude taken on day 1.
Fig.4.11 shows both the soil moisture content and the total signal amplitude for the period from  
day 3 to day 18. It can be seen from this chart that a decreasing trend was begun in the intensity
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of the signal after day 10 and this continued at a rate similar to the soil moisture decrease. 
Following is Fig.4.12 which presents the amplitude and spin-lattice relaxation time o f the two 
components during this period. There is some scatter in component B data shown in Fig.4.12, 
especially in the relaxation data. The amplitude of B shows a slight increase over the 
measurement period. Conclusions cannot be drawn regarding any trends in the corresponding 
relaxation data due to the scatter. The longer component (A) showed less fluctuation and a clear 
downward trend was seen in the amplitude o f this component, whereas the relaxation time 
remained fairly consistent. The errors were determined by the addition o f Gaussian white noise 
to the data from day 1, day 18 and day 10, followed by reanalysis and the data scatter is largely 
within this error.
4.3.2. Measurements Made at 20MHz
The following data was collected on the benchtop system using non-living samples o f Sitka 
spruce sapwood and heartwood in the form of cylinders coated in araldite. All the data was 
normalised to the dry mass o f each sample. The measurements were made using 24 FID’s with 
logarithmically spaced rvalues ranging ftom 200-2000ms. The recovery delay period was 2.6s 
and 64 averages were taken.
4.3.2.1. Exemplary Measurement Above FSP; Non-Living Sample
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Figure 4.13: Inversion recovery data for a fresh Sitka spruce sapwood sample at 45%
MC at 20MHz. The black data points are the inversion recovery data and the red line 
shows the exponential recovery curve fitted to the data. The fit in the main chart is for 
n=2. The fit in the inset is for n= \ .
An example o f an inversion recovery o f a fresh Sitka spruce sapwood sample at 45% MC is 
shown in Fig.4.13. This chart shows a triple-exponential recovery curve fitted to the data with
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the inset showing the single and bi-exponential curves. The fit parameters for each fit are given 
in Table 4.6. The triple exponential recovery curve yielded three separate parameters with the 
highest amplitude from a component with Ti^  82ms (52%), another with Ti^ 26ms (44%) and an 
additional component with 3ms (7%).
Fit
Parameter 1
n
2 3
0.9969 0.9997 0.9998
/ 0.23884 0.02613 0.01578
a 1.9 1 . 8 1 . 8
T / 45 ms ± 2 % 67 ms + 5% 82 ms ±7%
I a 1 0 0 % ± 1 % 79% ±3% 52% ±7%
13 ms ± 1 2 % 26 ms ±9%
/ b 2 1  % ± 1 1 % 42% + 9%
3 ms ± 1 1 %
i c 6% ± 14%
Table 4.6: Fit parameters obtained from exponential fits applied to CPMG data for Sitka 
spruce sapwood sample at 45% MC. All relaxation times are given in ms and all 
amplitudes as percentages.
4.3.2.2. Influence o f  Moisture Content on Water Components
IIi
A separate Sitka spruce sample is shown in Fig.4.14.
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Figure 4.14; Inversion recovery data for a fresh Sitka spmce heartwood sample at 25%
MC at 20MHz. The black data points are the inversion recovery data and the red line 
shows the exponential recovery curve fitted to the data. The fit in the main chart is for 
n=3. The fit in the inset is for n=2 and n= \ .
This was a heartwood sample below FSP with a moisture content o f 25%. At moisture content 
around or below FSP, the inversion recovery shown in Fig.4.14 still shows multi-exponential 
behaviours. Labelling the components as they were previously, according to their order o f
83 o f  163
C hap te r  4: NMR C h a r a c t e r i s a t i o n  o f  Wood and T r ees
descending spin-lattice relaxation rate, T i^  showed an increase to 197ms with amplitude reduced 
to 15% o f the signal. Ti® also showed an increased to 54ms with 74% of the signal, and was 
5ms with 15% amplitude.
Fit
Parameter 1
n
2 3
0.9957 0.9988 0.9989
0.35982 0.1089 0.1055
a 1.9 1.9 1.9
T / 70 ms ± 7 % 99 ms ±10%
Ia 52% ±10% 29% ±18%
22 ms ±1% 17 ms ±10% 27 ms ±7%
/ b 100% ±2% 48% ±11% 65 % ±7%
1.2 ms ± 20%
Ic 6% ± 10%
Table 4.7: Fit parameters obtained from exponential fits applied to CPMG data for Sitka 
spruce heartwood sample at 25% MC. All amplitudes are percentages of the total.
4.3.2.3. Heartwood and Sapwood Comparison
The data in Table 4.8 shows the parameters firom triple exponential recovery curves fitted to 
inversion recovery data from measurements made on five Sitka spmce samples, including 
sapwood and heartwood, two of which are already shown in Fig.4.13 and Fig.4.14 This data 
serves to compare the Ti relaxation times and amplitudes for water components in samples o f  
different wood types.
Fit Sapwood Heartwood
Parameter 45% MC 27% MC 68% MC 63% MC 25% MC
T / 82 ms ±7% 192 ms ±43% 131 ms ± 12% 272 ms ± 23% 99 ms ± 10%
Ia 52 ±7% 12 ±11% 34 ± 19% 7 ± 34% 29 ± 18%
26 ms ± 9% 54 ms ±2% 33 ms ± 9% 57 ms ±6% 27 ms ± 7%
Ib 42 ± 9% 75 ±1% 63 ±9% 81 ±2% 65 ±7%
3 ms ±11% 5 ms ±5% 3 ms ± 22% 4 ms ± 20% 1.2 ms ± 20%
Ic 6 ±14% 13 ± 3% 3 ± 50% 11 ±14% 6 ± 10%
Table 4.8: Fit parameters obtained from bi-exponential recovery curves fitted to
inversion recovery data. Measurements were made on samples of Sitka spmce 
heartwood and sapwood. All amplitudes are percentages of the total.
The data in Table 4.8 shows the relaxation parameters for the heartwood samples were not 
dissimilar to those o f the sapwood and that the largest errors were associated with the longest and 
shortest components and especially for the longer component, these errors are significantly large.
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4.3.3. Interpretation o f  Inversion Recovety Data
There is an obvious improvement in the data obtained at 20MHz compared to that at 2.6MHz, 
This is not due to number o f averages, as more were taken at 2.6MHz, but probably due to the 
lower S/N o f the 2,6MHz equipment. Also, whereas the 20MHz magnet was housed in a 
temperature controlled laboratory, the tree-drying experiment was not. Additionally the tree- 
drying experiment was carried out during the summer, so some temperature fluctuations could 
have been experienced. This could be the cause o f the scatter seen in the tree-drying inversion 
recovery data.
As for the CPMG data, components with different relaxation values were seen in the living and 
non-living samples. In the living sample a triple exponential fit was unsuccessful and only two 
components were identified in the order o f > 100ms, T f  and -lO ’s ms, T\^. These values are 
similar to those reported elsewhere in the literature [126] where they were assigned to latewood 
and earlywood lumens respectively. In a study by Byrne et ah (1986) [130] T\ and T2 values 
were measured from the same wood sample at 40% MC; two components were seen for each 
relaxation parameter and the resultant values were as follows, T\ o f ~  100ms and 10-22ms, T2 o f  
22-38ms and 1.6-2ms. At day 18, in the tree-drying study, there were two components having T\ 
o f 196ms and 22ms, and three components with T2 o f 132ms, 64ms and 5ms. From a comparison 
of relaxation parameters from the Byrne at ah (1986) [130] study and the tree-drying experiment, 
it appears that similar relaxation components were seen in both, with the exception o f an 
additional component {T2 132ms) in the tree-drying. It is possible that this parameter, already 
assigned to the larger lumen spaces, was not measured in the inversion recovery sequence due to 
limitations o f the measurement. The relaxation delay was 1.5s and the extent o f rvalues not 
sufficient to capture a longer relaxation T\ component. This may be the reason does not have 
an equivalent longitudinal relaxation component.
A significant decrease in overall signal amplitude o f the tree-drying inversion recovery data was 
seen after day 10 (Fig.4.11). This decrease was seen to arise from the reduction in amplitude o f 
the component i f  (Fig.4.12) and this corresponded to the decrease in the amplitude o f T f  seen 
in the CPMG data. Thus i f  and i f  are potentially the relaxation times for latewood lumen 
water in the living sapling. The amplitude o f Ti® showed more scatter but tended towards a slight 
increase. Due to the lack o f decrease in amplitude during the drying period, which is consistent 
with the behaviour o f T2 , the intermediate component from the CPMG data and Ti® are 
suggested to represent the cell wall water.
Fewer measurements were performed on the non-living spruce samples. The spruce data sets 
differed from the non-living in that the multi-exponential recovery curve showed three separate
85 o f  163
C h a p te r  4: NMR C h a r a c t e r i s a t i o n  o f  Wood and T r ees
components labelled T f  , T-^ and T-f' with values o f 82ms, 26ms and 3ms respectively for the 
sapwood sample at 45% MC. For the living tree data the component T f  was assigned to 
latewood lumen water and to cell wall water. À look at the amplitudes o f Fi® in Table 4.8 
shows that this component had the largest proportion o f the signal for all the data sets. 
Comparing this with the corresponding CPMG data (Table 4.5) it can be seen that the component 
with the largest amplitude was T2 , which was assigned to the cell wall water. This supports the 
assignation o f relaxation times to cell wall water o f Ti o f the order lO’s ms and T2 o f the order 
few ms.
The percentage amplitude o f 7%^  for the inversion recovery, which was assigned to latewood was 
significantly larger than the corresponding CPMG data for T-f. Several studies have found the 
wood solid to have a similar T\ decay to the liquid, with one study reporting a shared T\ o f 89ms 
[138]. This could explain the increase in amplitude o f the latewood lumen water, as the 
inversion recovery data could be a combination o f liquid signal and wood solid signal. Based on 
this, the relaxation times o f ~  100ms for Fi is tentatively assigned to both the wood solid and 
latewood lumen water with the corresponding F2  o f ~15|is and lO’s ms respectively.
The as yet unassigned component with a few ms T f  seen in the spruce samples comprised 
between 6-13% o f the overall amplitude. This is compared to the spin-spin relaxation component 
T-2 , which had 24-27% share o f the CPMG signal amplitude. When values for Fi o f a few ms 
have been reported in the literature they have been paired with a liquid FID component with F2  o f  
~600ps in 11% MC cedar wood [138] and ~260ps in 30% MC Scotch pine [125]. It is suggested 
here that the component with Fi o f a few ms corresponds to that with F2  o f lOO’s ps and that this 
component arises from water residing in very small pores, tightly bound to the polymer.
4.4. Solid Echo
Measurements were carried out as per Section 3.3.2 on samples o f sitka spruce using time delays 
after the second p90 RF pulse, tse o f 15ps, 20ps, 25ps, 30ps and 35ps. All the data sets were 
phased and the data cropped to 24ps to remove any ringing effects. Measurements were collected 
on two spruce sapwood samples which were varied in moisture content between 156-9.5% for 
one sample and 146-0.1% for the other. An example is shown in Fig.4.15 o f the data collected 
ftom a spruce sample at 14 MC% for tse = 15ps. The data is shown in black and the red line 
fitted to the data is a composite fit which resolved the data into three components as follows.
y i f )  = exp T*
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The rigid solid is presumed to comprise dipolar coupled spin pairs, in which case the lineshape is 
a Pake Doublet [194], which is represented here as two Gaussians, symmetrically offset from zero 
frequency. The FID is therefore also a Gaussian, modulated by a cosine of frequency 1/Tdd: the 
third term in Eq.4-5. In Eq.4-5 the origin o f time is taken as the second RE pulse, in which case 
the origin of the modulated Gaussian is at tse, whereas the origin of the exponential for the 
narrow component is at -rsE, the first pulse, since the second pulse does not affect the narrow 
line.
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Figure 4.15: Solid echo decay curves for time delay tse = 15ps. Measurements made 
on sample of spmce air dried to 14% MC. Solid echo data is shown in black. Red line 
shows Eq.4-5 fitted to the data.
The first part o f Eq.4-5 is the exponential decay used to fit the mobile protons and this yields the 
amplitude o f the mobile component 7m and the decay time TzM*. The second and third part yields 
the amplitude Is  and decay time T2S o f the immobile protons and a simple oscillation which 
models the beat caused by the dipole-dipole interaction o f the immobile protons with a time 
period Tdd- The time constants from the fit shown in Fig.4.15 were as follows, T2M* 520ps, T2S* 
20ps and Tud 103ps.
4.4.1.1. Ratio o f  Liquid to Solid Component
The component amplitudes from the sample at 14% MC, acquired by fitting Eq.4-5 to the data 
obtained at each time delay, are shown in Fig.4.16. These values are plotted against the delay 
period tse o f the measurement. The amplitudes o f the mobile and solid components were used to 
determine the ratio o f the solid to liquid in the wood samples. To determine the amplitude at tse 
=0, trend-lines were fitted to the amplitude data and extrapolated back to the intercept at tse =0. 
The amplitude data for the mobile (7m) component was fitted with a linear trend-line o f the form 
y=mM x+Cm, where is the gradient o f the linear trend-line and cm is the intercept with the y 
axis at t =0. The solid component data (7s) was fitted with a single exponential decay, o f form
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y=cs  ^yO, where cs is the intercept of the exponential decay at t=0 and mg is the gradient
o f the exponential decay.
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Figure 4.16: Chart showing amplitudes of the solid and liquid components as measured 
by the solid echo pulse sequence. Data from the fit of Equation 4-9 to solid echo data 
from a spruce sapwood sample at 14% MC. The black lines show linear and exponential 
decay trend-lines fitted to the mobile and solid components respectively. Errors are from 
reanalysis after addition of Gaussian white noise to raw data.
For the 14% MC example shown, the exponential decay fitted to the solid component yielded 
values for cs of 25.87 and for l/ms of 20ps. The linear trend-line fitted to the mobile component 
gave a value o f 3.14 for Cm- The intercepts were used to calculate the ratio o f liquid to solid 
components. This resulted in a value that was analogous to the sample moisture content and in 
this case was calculated to be 12.1 %, a good match to the actual moisture content.
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Figure 4.17: Charts showing mobile/solid intensity ratio versus moisture content. Data 
is shown for two separate spruce sapwood samples, differentiated by open and solid 
symbols. The black line represents MC=ratio. Error bars on this chart indicate a 5% error 
associated with determining the sapwood moisture content.
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This analysis was performed on all data sets over the range o f moisture contents and the chart in 
Fig.4.17 compares the liquid/solid ratio to the moisture content for all measured samples. The 
chart also shows the line representing MC% = liquid % (as a percentage).
The amplitude o f the solid component varies little over the range o f measurements taken; the 
value for the amplitude had a standard deviation o f 10% around the average value. The 
difference in ratio for samples at different moisture contents was therefore determined by the 
amplitude o f the liquid component, which did vary with sample moisture content. The 
equivalence o f the liquid to solid ratio to the moisture content shows good agreement at lower 
moisture contents, but above -100  % MC the liquid to solid ratio determined from the solid echo 
data was higher than the sample moisture content determined gravimetrically, even taking into 
account an error o f the moisture content o f ±5%.
4.4.1.2. Solid Proton Transverse Relaxation Time
The decrease in amplitude. Is arises from the decay o f the echo maxima resulting from increased 
transverse relaxation occurring during tse- Thus, the gradient (ms) o f the exponential fit to Is, is 
equivalent to the transverse decay o f the solid component, T2 s'\
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Figure 4.18: Gradient of linear trend-line fitted derived from amplitude of Gaussian fit 
to solid echo data versus sample moisture content. Data is shown for two separate spruce 
sapwood samples, differentiated by open and solid symbols.
This value was found to be consistent for measurements made over the range o f moisture 
contents, as shown in the chart in Fig.4.18, with a standard deviation of 6% around the average 
value. The error bars on the 14%MC data point is a 16% error determined by reanalysis o f the 
data after the addition o f Gaussian white noise. The scatter in the data is accounted for by this 
error in the analysis. The linear fit to the data shown in Fig.4.18 intercepted the y-axis at lip s .
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The range o f the intercept from a linear fit to the data is equivalent to T2 o f the solid component 
at 0% MC, using the 16% error to find the minima and maxima, is 9ps to 13ps.
4,4.2. Interpretation o f  Solid Echo Data
The non-linear equation used to fit the solid echo essentially fits three types o f proton: paired 
protons, individual fixed protons and moving protons and has a reasonable fit over the range o f 
TsE values and over the range o f moisture contents used. There are several studies in the 
literature which have fit similar composite curves to FID data [190-192] and to solid echo data 
[193] showing characteristic Pake doublets.
The amplitude for the solid component from the composite fit used here combined both the paired 
and individual protons. The amplitude o f the solid component at the calculated value o f tse=0 
remained fairly constant for each moisture content. The amplitude decreased exponentially as Tse 
increased, as signal was lost to relaxation processes occurring during the elapse o f the delay 
(Fig.4.16). The solid and mobile proton amplitudes were used to obtain a ratio for the solid 
component in the wood sample. This ratio compared well to the moisture content (Fig.4.17) 
below 100 % MC, but not above, as the liquid percentage calculated using the solid echo data was 
higher than the sample moisture. If the solid proton amplitude is increased by ~5% this results in 
a movement o f the liquid % to be near or on the line o f liquid%=MC%. It is possible that the loss 
of data points due to the necessary cropping o f the data to 24ps, resulted in a loss o f amplitude 
associated with the solid protons.
The loss o f data may also have had an impact on the calculation o f the solid J 2 , as the initial part 
o f the decay would arise from the fastest decaying protons. The T2  for the solid was determined 
to be 11± 2 ps, a value o f the order o f that quoted elsewhere in the text for wood solid protons. It 
must be taken into account that the actual T2 o f the solid wood may in fact be slightly shorter than 
this.
The characteristic shape o f a Pake doublet is revealed in an FID as a beat or oscillation pattern. 
The solid echo is analogous to an FID and the beat pattern was observed at the following 
moisture contents: 14%, 8.3% and 0.1%. The Pake doublet is a term that describes the spectrum 
arising from the dipole-dipole interaction o f a pair o f nuclei coupled to each other. The pattern 
arises from energy differences between the parallel or anti-parallel alignment o f the coupled spins 
to the external field. The presence o f a Pake oscillation implies that the short range organisation 
o f molecules in the solid is not random and that there are clearly distinguished mutual dipolar 
interactions between nuclei. It was only observed at low moisture contents because the mobile 
protons present at higher moisture contents obscured the pattern. The pattern was first reported
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by Pake in gypsum [194] and has been observed in crystals [195], carbohydrate solutions [190, 
191] and clays [192]. It is quantum mechanical in origin and is not considered further in this 
thesis.
4.5. Chapter Concluding Comments
Three components were fotmd when CPMG measurements on living wood and non-living wood 
samples with T2 in the ranges lO’s/lOO’s ms, a few ms and lO’s/lOO’s ps. The very long 
component detected in the living wood sample was not seen in the non-living wood and the short 
component detected in the non-living samples was outside the detection parameters o f the living 
wood measurement.
When inversion recovery measurements were performed, two components were seen in the living 
sample (Ti ~  100ms and lO’s ms), whilst the spruce samples showed three components, the 
additional component with Ti of a few ms. The characteristics o f the components from the 
CMPG data enabled their identification. An attempt was then made to correlate the inversion 
recovery data to the CMPG data, resulting in the components assignation given in Table 4.9.
Wood Compartment T2 Ti
Earlywood lumen 100’s m s undetected
Latewood lumen 10’s  m s -lO O m s
Cell wall water few  m s 10’s  m s
Sm allest pores 1 GO’S ps a few  m s
W ood solid 9-13ps ~100m s
Table 4.9: Summary of the relaxation values and the wood compartments to which these 
components have been assigned..
The component described as ‘smallest pores’ was crudely assigned and no T\ equivalent was 
suggested for the earlywood lumen as the measurement parameters were unsuitable for the 
detection o f this component. The relaxation time o f ~  100ms for Ti was assigned to both the 
latewood lumen water and the wood solid. The wood solid relaxation value was determined from 
the solid echo measurement. The liquid to solid ratio o f  the spruce sapwood samples, determined 
from the solid echo measurements, showed a reasonable equivalence to the sample moisture 
content. The transverse relaxation of the wood solid was found to be 11+2 ps. Little difference 
was observed between the T2  relaxation o f sapwood and heartwood samples taken from the same 
disc.
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5. Two-Dimensional Correlation Relaxometry
This is the second o f the two chapters that present the relaxometry data collected from NMR 
measurements made on wood materials. The previous chapter concluded with a summary o f the 
information derived from 1-D NMR measurements on living and non-living wood samples. The 
separate components o f the NMR signal and the compartments they represent were described. 
This information will be used to help interpret the results o f the 2-D correlation measurements 
presented in this chapter.
A 2-D correlation experiment is separated into periods with one relaxation time encoded during 
one period and a second relaxation time measured during the second period. The development by 
Venkataramanan et al. 2002 [189] o f a robust algorithm for a fast Laplace inversion o f the 
correlation data into 2-D spectra has enabled analysis o f this measurement to be performed on a 
practical timescale. Almost any pair o î T \ ,T 2 or diffusion coefficient, D  can be correlated or self 
correlated, then converted into 2-D spectra using a fast Laplace inversion. This method o f  
Laplace transform was first used to measure T\-T 2 correlation in porous materials by Song et al. 
2002 [187] and has since been applied to oil bearing rocks [2, 198], food [4, 6, 199] and starches 
[5], complex liquids [200], cement pastes [7; 201-202] and now in this work, to wood.
The 2-D measurements made in this project correlate Ti and T2 together in one pulse sequence 
{T1-T2 correlation) and T2 together with T2 separated by a storage time in another pulse sequence 
(J 2 -Z2 correlation). This chapter is divided into two sections with the first section giving the 
results o f the T 1-T2  correlation studies and the second section the results o f the T2 -T2  correlation 
studies. The T 1-T 2 correlation section begins with an exemplary plot after which the 
measurements made over varied moisture contents are presented. The data from two wood 
species (larch and spruce) and two wood types (sapwood and heartwood) are given. At the end o f  
this section the data from the separate wood types at varied moisture contents is compared and 
discussed. The T2 -T2 correlation section also begins with an exemplary plot then goes on to show 
data over a series o f storage times for two different wood types (sapwood and heartwood). These 
wood types are compared and discussed. Results from estimation o f exchange rates from off 
diagonal peak analysis, using a theoretical model developed by Monteilhet et al. 2006 [201] are 
presented. At the end of each section there is an interpretation o f the results with a short 
concluding chapter summary at the end.
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5.1. T1 -T2 Correlation Measurements
The 1 -D relaxometry data presented in the previous chapter showed that the wood signal decayed 
with multiple T2 and Ti relaxation times. Although correlations were suggested, it was not 
possible to know which T2 component was associated with which Ti component. The limited 
information provided in the 1-D measurement was also fraught with the somewhat arbitrary 
nature o f the multiexponential fits used to extract the information. Each peak in a T 1-T2 
correlation plot is shown as determined by its pair of Ti and T2 values, with the peak amplitude 
given by the integration o f the peak volume. All data presented in this chapter has been 
normalised to the number o f scans and dry mass o f the sample.
5.1.1. Sapwood Ti-T2 Correlation Plot
A Sitka spruce sapwood sample was air-dried down to 45% MC and coated in Araldite. For 
comparison, this is the same sample as used to present exemplary 1-D data.
5.1.1.1. Exemplary Measurement Above ESP
An example of a typical 2-D T 1-T2 correlation spectra is given in Fig.5.1. The sample used was 
from the sapwood o f a spruce disc, prepared using Araldite as a coating, after air-drying to 45% 
moisture content.
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Figure 5.1 Tx-Ti correlation plot of Sitka spmce sapwood at 45% MC. Left: Correlation 
plot with colour bar. Colour bar applies to this data set and to the following data sets. In 
this case the data has a lower intensity, thus is represented mainly by blue contours.
Right: Surface plot of the raw data with S/N of 891. Labels discussed in the text.
After phase rotation and transformation in Matlab (Version 7.1), the Laplace transformed data has 
been plotted onto a two dimensional contour grid, with T 1 along the x axis and T2 along the y  
axis. A blue box is fitted around the data to depict the region defined by the experimental timing
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parameters. Caution is required when interpreting features substantially outside the box. The 
diagonal line representing Ti=T2 is drawn on to the correlation plots; bulk water is expected to 
appear on the diagonal. The colour bar is given as a reference and this key is relevant for all Ti- 
T2 correlation plots. The data in Fig.5.1 is o f lower intensity than given in the following figures, 
thus only blue coloured contours are seen.
As described in chapter 3, the Laplace transform by which this data was converted to 2-D spectra 
incorporates two time periods; during period t\ longitudinal relaxation dominates and during 
period t2 transverse relaxation dominates. The S/N ratio was calculated by dividing the maximum 
signal from the first row o f raw data shovm in Fig.5.1, by the noise variance firom the four rear 
rows o f the raw data. Ideally this ratio should be at a minimum 400:1 for T 1-T2 correlation 
experiments [7]. Under conditions o f high moisture content this was easily achievable using only 
a few scans (-64) taking around 3 hours. When the sample was below FSP, more scans were 
needed (-512) and the measurement took up to 24 hours. Thus, data with S/N o f 200:1 was 
accepted at low moisture contents, but measurements were repeated to ensure reliability.
Six peaks on the chart are labelled A, B, C and D and X and Y. Peaks A to D were consistently 
seen and were robust under noise analysis, providing confidence that their appearance was not an 
artefact of the measurement. As peak Y was not always seen and was usually at low amplitude it 
has not been included in the data given in Table 5.1, where the peak areas have been integrated to 
give the signal amplitude for each component. Due to its presence on the diagonal, the amplitude 
o f peak X has been combined with that o f peak A. The signal amplitude and the relaxation values 
for these peaks are given in Table 5.1 below.
P eak  A P eak  A m P eak  B P eak  C P eak  D
Ti 213 ms ± 6% 30 ms ± 6% 85 ms ±6% 12 ms ±6% 58 ms ± 10%
T2 90 ms ± 6% 25 ms ± 6% 4 ms ± 6% 3.6 ms ±6% 50 ps ±10%
A m plitude 7.4 % ±3% 16% ±3% 29% ±3% 34 % ± 4%
Table 5.1: Relaxation and amplitudes of peaks in T1-T2 correlation chart. Data from 
Sitka spmce sample at 45% MC. Peaks A, A(X), B, C and D as shown in Figure 5.1.
Errors determined by repeated reanalysis after the addition of white noise to the raw data.
5.7.2. Data From All Wood Types
T\-T 2 correlation plots can be used to determine the ratio between the separate components. In 
order to determine how this changed with moisture content, the series o f experiments shown in 
Fig.5.2 overleaf were made on wood samples over a range o f equilibrated moisture contents. 
Three sets o f T 1-T2 correlation charts are given and each set covers a comparable selection o f  
moisture contents above and below FSP for larch sapwood, spruce sapwood and spruce 
heartwood. *
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Figure 5.2; Sets of T1-T2 correlation spectra for (L-R) larch sapwood (SW), spruce 
sapwood and spruce heartwood (HW). Charts are in order of descending moisture 
content. Each chart shows Ti along the x  axis and T2 along the y  axis. The plots are 
labelled with the moisture content at the time of measurement and the signal to noise 
ratio of the raw data.
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The moisture content o f the larch samples was achieved using both air-drying above FSP (sticks) 
and relative humidity chambers below FSP (shavings) whereas air-drying techniques only were 
used for the spruce wood (sticks). The data shown is only a small selection o f the acquired data, 
but are a representative selection; they illustrate the consistency of peaks A, B, C and D. Each 
data set is plotted on the same contour scale and the signal to noise ratio is given above.
5.1.2.1. Influence o f  Moisture Content on Peak Relaxation Times
Further analysis of the spectra involved determining quantitatively the relaxation values and 
amplitude of peaks A, B, C and D; the relaxation values are presented below. In order to 
determine the relaxation times o f each peak, the cursor was placed in the centre o f the peak and 
its co-ordinates taken. The T2 results o f this analysis are presented in the four charts in Fig.5.3 
and Ti results in Fig.5.4. Each chart shows the evolution o f the relaxation value over the range o f  
moisture contents and compares the values obtained from each wood type measured. One set of 
data is shown on each chart for simplicity and a different colour used for each component. This 
colour coding is applicable to all the T 1-T2 correlation data shown in this chapter where peak A is 
shown in blue, peak B in orange, peak C in red and peak D in green. These charts include data 
collected from spectra not shown in Fig.5.2, as the full set of measurements is represented.
«100
0 "a
1
1
K."
<
i
I ■ I ■ I ' I I ' I' ' I ' I I I I
10 r
20 40 60 80 100 120 140
Moisture Content (%)
</>
■■
s
I
1
I
Gü
0 20 40 60 80 1 00 1 20 140
Moisture Content (%)
<0
<]>a:
o
sa
10
1
H H
0.1
0 20 40 60 80 100 120 140
Moisture Content (%)
□ □
CL 0.01
0 20 40 60 80 100 120 140
Moisture Content (%)
Figure 5.3: Change of T2 relaxation of peaks observed in T 1-T2 correlation spectra with 
moisture content. Data includes that collected from sapwood (solid symbols) and 
heartwood (open symbols) for larch (circles) and spruce (squares). Y-axis errors are from 
the addition of white noise to the raw data. X-axis errors are those associated with the 
moisture content determination, as discussed in the text.
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The errors shown in Fig.5.3 on the y  axis data was determined from the addition o f Gaussian 
white noise to the raw data. The errors bars shown on the % axis on the sapwood (peak A) data is 
a constant ±4% to the moisture content, to account for potential error in the weighing process and 
equipment limitations. The error shown on the heartwood (peak B) data account for the presence 
o f extractives in the heartwood and varies between 10 to 20% decrease in moisture content if  
extractives are taken as being 10% of the evaporated weight. The bio-variability was also 
determined by the measurement o f two samples equilibrated in RH chambers to the same 
moisture content. The variability between the data sets o f the two samples was less than that 
from the addition o f noise to the raw data.
An initial observation from the data presented in Fig.5.3 is that for peaks A, B and C, 7% 
relaxation increased as moisture content increased. Another characteristic was that the heartwood 
samples showed shorter relaxation times than the sapwood. Little or no distinction was seen in 
the spin-spin relaxation o f peak D between the wood types, but a slight trend of decreasing T2 
with moisture was seen.
1000
</»f=
S
<
I 0 20 40 60 80 100 120 140
Moisture Content (%)
10
# # *
0 20 40 60 80 100 120 140
100(/)
£
§
1
a>{£.
K"
CÛ
I
0 20 40 60 80 100 120 140
Moisture Content (%)
Moisture Content (%)
1000
100
□ 0
0 20 40 60 80 100 120 140
Moisture Content (%)
Figure 5.4: Change of Ti relaxation of peaks observed in T\-T2 correlation spectra with 
moisture content. Data includes that collected from sapwood (solid symbols) and 
heartwood (open symbols) for larch (circles) and spruce (squares). Errors are from the 
addition of white noise to the raw data.
From Fig.5.4 a similarity can be detected not only between the T\ value of peaks B and D, but 
also the behaviour o f the Ti relaxation as moisture content changes. For these two peaks a slight 
decrease in Ti is seen with increasing amplitude up to FSP and then a slight increase is seen for
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component B. The Ti of peak A increases with moisture then plateaus after -40% MC and peak 
C shows similar behaviour. A clear distinction between the relaxation times o f the heartwood and 
sapwood data for T i relaxation is only seen for peak C, where again the sapwood tends to have 
longer relaxation times than the heartwood.
5.1.2.2. Influence o f  Moisture Content on Peak Amplitudes
In the following three figures, the corresponding amplitude values for each peaks A, B and C are 
presented. The amplitude o f Peak D was left off for clarity, as it is discussed separately in the 
following sub-section.
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Figure 5.5; Chart showing the change in amplitude of the T \ - l 2 correlation spectra 
peaks. Data is shown for spruce sapwood over a range of sample moisture contents.
Peak A
Peak B
Peak C
1.0
0)
I  0.8
Q.
3 0.6
I  0.4
0.2
0.0
- 0.2
0 20 40 60 10080 120 140
Moisture Content (%)
Figure 5.6: Chart showing the change in amplitude of the T 1-T2 correlation spectra 
peaks. Data is shown for spruce heartwood over a range of sample moisture contents.
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To calculate the amplitude the area under each peak was integrated. This area was kept constant 
in size for each chart and centrally positioned, ensuring no overlap onto neighbouring peaks. 
Fig.5.5 shows the amplitude o f peaks A, B and C over the range o f moisture content, for the 
spruce sapwood sample; Fig.5.6 shows the same data for the spruce heartwood sample.
From Fig.5.5 and Fig.5.6 several observations can be made. Firstly, component A is only present 
at moisture contents above FSP, after which it shows a linear relationship to moisture content. 
Secondly, the behaviour o f components B and C differ markedly between the two wood types. 
The sapwood sample shows an initial rise in C up to -20% MC, at which point this component 
remains unchanged. The continued increase in moisture is reflected in a rise in B. These 
components show different characteristics in the heartwood with C remaining unchanged 
throughout the range o f moisture and peak B showing an increase with moisture up to around the 
FSP, after which it shows a plateau.
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Figure 5.7: Change in amplitude of peaks B and C for larch wood. Left: larch sapwood 
data; Right: larch heartwood data. Peak B: Orange circles; Peak C: Red circles
Similar trends were seen in the larch data; Fig.5.7 above shows sapwood and heartwood data 
from larch samples below FSP. These data show the same reversal in amplitude of B and C 
between the sapwood and heartwood data o f the larch samples.
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D 2 O Exchange Experiment
The correlation plot in Fig.5.8 shows a Ti-Ti measurement made on a fresh sample o f spruce 
sapwood that had been immersed in D 2 O. The plot is on the same contour scale as that shown in 
Fig.5.1. Making a direct comparison between these plots, it can be immediately seen that the 
only obvious component remaining from prior to D 2 O soaking is D. An additional peak at 
around Is T] and 0.8s T2 is also seen. The relaxation times o f peak D measured in the untreated 
spruce sapwood samples ranged between 37-114ms for T\ and 40-96jas for T2 . The relaxation 
times o f peak D in the D 2 O treated spruce sample were: T\ 260ms and T2 o f 70ps.
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Figure 5.8; T 1-T2 correlation plot of a spruce sapwood after immersion in D2O. Left: 
Correlation plot with S/N of 107. Right: Surface plot of the raw data.
The amplitude o f peak D in Fig.5.8 was integrated in the same way as the data from untreated 
spruce samples and is compared with the spruce sapwood and heartwood across the range of 
moisture contents in Fig.5.9, where it is shown at 0% MC.
0.4
Q.
0.0
0 20 40 60 80 100 120 140
Moisture Content (%)
Figure 5.9: Amplitude of peak D for spruce samples. Untreated data are shown as green 
squares where solid symbols represent sapwood data and open symbols the heartwood 
data. The value of peak D from the sample immersed in D 2 O is shown as a red star. 
Errors on the y axis from white noise added to raw data. Errors on sapwood x axis from 
moisture content measurement. Errors on heartwood x axis show larger error associated 
with extractives.
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As seen in Fig.5,9, the spread o f amplitudes o f peak D over the range o f moisture contents 
follows a gently increasing trend with moisture. The amplitude o f D in the sample immersed in 
D 2 O was comparable to a sample at low moisture content.
5.1.4. Pore Size Determination
A crude estimation o f pore size can be made from the relaxation rates by application o f the 
following equation [196],
1 I sS 1
+ -------------------------------------------------------------------------5-1rpOBS rpBULK r r  rp SURFACE 
1,2
where g is the thickness o f the surface layer, S>fW is the pore surface to volume ratio. The 
required relaxation rates are that o f the water protons in the bulk (T'1,2 '^^^), molecules adsorbed 
on the surface and the observed relaxation (Ti,2 °^^). Tracheids are long thin cells so
were represented by a cylindrical volume. Two monolayers o f bound water were used to 
represent the thickness o f the surface layer in order to take into account the roughness o f the cell 
wall surface [100,196]. This resulted in a value o f equal to 6xlO'*°m.
The calculation was performed using spin-spin relaxation data and the value used for the 
relaxation o f the surface layer was that o f component D in the T 1-T2 correlation
spectra. The value from the D 2 O spectra was used as the assumption was made that peak D in 
this spectra arose from protons tightly attached to the pore surface, and therefore not easily 
exchangeable. A relaxation time o f 70ps was used for and Is was used to represent the
bulk water T’2 ®^^, The pore sizes were determined for peaks A and C as these were situated on 
the diagonal, thus indicative o f liquid components. To get the range o f pore sizes, the longest and 
shortest value observed for T2 from the spruce sapwood T1 -T2  correlation plots were used for 
peak A above FSP only, and peak C throughout the moisture range. The values used for ^2 °^  ^
are given in Table 5.2, along with the calculated pore sizes.
P eak T2 P ore S ize
A Maximum 120ms 11 pm
A Minimum 52ms 5 pm
C Maximum 5ms 0.5 pm
C Minimum 0.5ms 50 nm
Table 5.2: Pore diameters calculated from T2 relaxation times for Peaks A and C. All 
values are rounded.
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5.1.5. Interpretation o f  Ti-T2 correlation data
The raw data shows that the measurement parameters were sufficient to allow the data to return to 
the baseline and capture the entire spin-spin and spin-lattice relaxation. Additional T\-T 2 
correlation measurements were made (not shown) using a longer relaxation delay o f 10s and 
extending the T\ capture to IDs. This was in order to ensure a peak with a long T\ relaxation was 
not being undetected. Using these parameters made no visible difference to the correlation plot 
and no additional peaks nor extension to existing peaks, were seen, indicating 2.6s was sufficient 
repetition delay. Two wood species were studied: larch and spruce. No obvious differences were 
seen between these wood species. Four peaks were consistently seen in the set o f  T 1-T2  
correlation measurements made on the wood samples. These were labelled A, B, C and D and are 
assumed to represent signals arising from separate proton pools in the wood samples.
The information presented in Table 5.3 suggests correlations between the 2-D measurements for 
spruce sapwood at 45% MC (Fig.5.1) with the 1-D measurements made on the same sample.
C om ponent P u lseS eq u en ce D escription
Pore
S ize 7-2 Am plitude n Am plitude
2 -D A  
1-D Long
T1 -T2  (X-A)
CPMG
inversion
Recovery
Lumen
(iatewood)
pores
5-11 pm
25-90 m s  
39 m s
7.4 % 
4%
30-213 m s 7.4 %
2-D B n -T z  (B) 4  m s 16 % 85 m s 16%
1-D Long inversionRecovery
intermediate- 
Ceii Waii n/a
82 m s 41%
2-D C Ti-Fz (C) 3.6 m s 29% 12 m s 29%
1-D
Interm ediate CPMG
inversion
Recovery
intermediate- 
Ceii Wall
50-500
nm 3.3 m s 72 %
3 m s 7%
2-D D T1 -T2  (D) Short- 0.05 m s 34 % 58 m s 34 %
1-D Short CPMG
inversion
Recovery
Smallest 
Pores/ 
Tightly bound
n/a 0.15 m s 24%
26 m s 52%
Table 5.3: Relaxation and signal amplitude data obtained for Sitka spmce at 45% MC. 
Relaxation and amplitude data is given for the peaks labelled in the 2-D Ti-Tz correlation 
plot shown in Figure 5.1 and for the corresponding data obtained from 1-D experiments 
performed on the same sample. Amplitude is given as a percentage of the total signal.
Pore size as determined using the method shown in Section 5.4.1.
The long T2 component from CPMG measurements is shorter than in the T1 -T2 measurement, but 
with similar amplitude. The T2 o f the short component again has similar amplitude. The CPMG 
intermediate component (few ms) possibly incorporates both components B and C from the T\-T 2  
measurement, as indicated by the larger CPMG amplitude. The inversion recovery data is harder 
to correlate but an attempt has been made.
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The T 1-T2 plot has provided additional information which goes undetected in a CPMG. It shows 
that the intermediate component arises from two components which share the same T2 , but have 
different T\ relaxation times. It has also enabled correlation between spin-lattice and spin-spin 
relaxation times. T 1-T2 spectra for both species and both types o f wood had components that 
were labelled as peaks A, B, C and D. The following paragraphs discuss the characteristics o f  
each peak and, where possible, assign to known wood water components.
5.1.5.1. Component Characteristics
There is strong evidence to support the assignation o f peak A to that arising from water in the 
lumen. Its position on the line o f ^ 1 = ^ 2  indicates bulk water characteristics and the relaxation 
times o f lO’s ms corresponded well to the long component detected using the 1-D measurements. 
The behaviour o f peak A with moisture content also met the expectations o f lumen water: both 
relaxation time and amplitude reduced linearly with moisture content to plateau at a very low 
level below FSP. The proton pool contributing to this component was the first to be removed 
from the system as moisture reduced and was only present above FSP.
In other NMR studies on wood it has been thought that lumen water has a range o f T2 values, 
spanning tens to hundreds o f milliseconds, representing the range o f tracheid diameters present in 
a sample [129, 137]. Thus it was expected that there would be a spread, or possibly more than 
one peak arising from lumen water. In the exemplary chart at 45% MC two peaks were seen and 
were seen in other instances at around the same moisture content. At other moisture contents it 
was the norm that only one peak was seen at the high relaxation times expected for lumen water. 
It is probable that the T2 of peak A represents the average relaxation time across the occupied 
tracheids, especially as the relaxation time reduced with reducing moisture as the larger pores 
emptied first. Possibly at around 40% MC, a more distinct distribution between Iatewood and 
earlywood lumen, with less contact between these pores, enabled the signal to be distinguished by 
the presence o f two peaks, where X represented the Iatewood and A the earlywood lumens.
Peak B was not aligned with the diagonal, which indicates it does not arise from a liquid 
component. It shares the same T2 as peak C and a similar Ti to D. Not only were the relaxation 
times similar, but the behaviour o f the relaxation with moisture mirrored that o f these other 
components. As moisture reduced, the T i o f B  showed the same trends as that o f D. The same 
was seen with T2 , where the T2 relaxation o f peak B behaved similarly to that o f C. As the data 
in Fig.5.5 was obtained via desorption, the behaviour o f the amplitude o f peak B is described as 
moisture is leaving the system as follows: peak B amplitude reduced as moisture reduced and 
continued to decline at a more rapid pace after -30%  MC. This behaviour was observed in both 
heartwood and sapwood. Further comments on peak B are given later in this section.
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Peak C lay on the diagonal, indicating liquid characteristics. It had shorter relaxation times to 
that o f A, in the same region as those identified as intermediate components in the 1-D 
measurements. This suggested this peak arose from the proton pool o f water contained in pores 
within the cell wall. The relaxation characteristics support this assumption as both the Ti and T2  
increased with moisture content up to FSP, showing less change after this point. Amplitude 
characteristics also support the assignation to cell wall protons as this component was present 
both above and below FSP.
The remaining component, peak D had a low T2 and was off the diagonal line o f equal ratio, 
indicating it did not arise from a liquid component. It had a long T\ and was present both above 
and below FSP, showing a slight increase in amplitude with increasing moisture and was also 
present after the wood had been immersed in D 2 O. The amplitude o f D is influenced by moisture 
and the component was reduced with exchange with D 2 O indicating that at least some o f the 
signal arises from exchangeable water protons. Because not all the signal disappeared after 
exchange with D 2 O it is surmised that the signal contributing to peak D arises from water protons 
tightly attached to the wood cell wall; the D 2 O would be unlikely to easily exchange with the 
inaccessible water protons within the microfibrils. It is further suggested that peak D is an 
exchange peak resulting from magnetisation exchange between components in the smallest pores 
in the cell wall, tightly attached to the wood polymer, perhaps inside the cellulose aggregates and 
water molecules in slightly larger cell pores (peak C). A component with a very short T2 such as 
that expected from water protons tightly attached to the wood cell wall may be just outside o f the 
detection limits o f  the measurement thus not observed.
5.1.5.2. Exchange With D2O
When the sapwood sample was immersed in D 2 O it was expected that all exchangeable water 
protons would exchange with the D 2 O and thus their contribution to the NMR signal would be 
removed. The T 1-T2 correlation plot o f the D 2 O immersed sample showed that indeed the water 
protons contributing to peaks A, B and C were exchanged with the D 2 O as seen in the plot in 
Fig.5.8. The only peak to remain at similar amplitude to before treatment with D 2 O was D, as 
discussed earlier. After immersion in D 2 O the signal contributing to peak D had amplitude 
comparable to that o f a sample at 0%MC, when estimating from Fig.5.9.
An additional component was seen in the D 2 O correlation plot with long relaxation times and this 
was assigned (due to its bulk like relaxation time characteristics) to water protons. The pool o f 
water protons contributing to this peak likely arose from water protons that had exchanged with 
the D 2 O from the environment during sample processing.
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Two peaks in positions similar to those occupied by peaks C and B are also seen in Fig.5.8. 
Signal to noise was very low in the D 2 O correlation, thus not much confidence was attached to 
the position o f these peaks. Peak D and the liquid peak were observed in repeated measurements 
and in different samples, it may be that B is still present, but with reduced amplitude but as the 
positions o f this peak were not consistent, it was discounted as measurement artefact.
5.1.5.3. Distinctions Between Heartwood and Sapwood
The first distinction to be made between the sapwood and heartwood samples is the difference in 
relaxation rates where the T2 relaxation o f the heartwood was shorter than that o f the sapwood for 
peaks A, B and C. This is taking into account the error associated with the heartwood moisture 
content where it may be up to 10% less than as determined gravimetrically, due to the presence o f  
extractives. Peak D showed no obvious distinction between wood types. For T\ relaxation, only 
Peak C showed a clear difference between heartwood and sapwood where, again, the heartwood 
had shorter relaxation times. Shorter relaxation times indicate the proton pools are contained in 
more confined spaces. This may be simply due to a smaller lumen size distribution in the 
heartwood [45], which is a reasonable assumption. Another or additional cause may be the 
presence o f extractives in the heartwood that provide relaxation sinks, so speeding up the 
relaxation process.
The other distinction between sapwood and heartwood is the relative amplitudes o f components B 
and C and the behaviour o f these amplitudes with sample moisture change. In the heartwood the 
change in amplitude with moisture decrease is simple as it mainly occurs fi*om a reduction in peak 
B as the amplitude o f C begins at an already low value (compared to sapwood). Peak B starts 
reducing in amplitude around FSP.
In the sapwood a more complicated pattern exists as both components B and C change amplitude 
at different moisture contents, whereas in the heartwood only one threshold exists, at around FSP, 
in the sapwood it is possible that two thresholds exists. The FSP threshold in the sapwood can be 
taken to occur around 30% MC as for the heartwood, with this threshold being indicated by the 
disappearance o f peak A. Before this point in the sapwood peak B starts to decrease in 
amplitude. At around 20% MC the sharp decrease in the amplitude o f peak C may indicate the 
presence o f another threshold in the sapwood.
According to water cluster and firactal theory [112] fi*om >FSP down to ~20%MC water forms 
clusters in the cell wall pores and between 20% and 10% MC, water occupying binding sites with 
lower energy may attach to other water molecules. Therefore, as the amplitude o f peak B 
decreases water protons are being removed fi*om clusters in the cell wall pores, with less direct
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surface contact than the remaining protons. As the amplitude o f peak C begins to decrease 
(-20% MC), water protons are being removed that have stronger associations with the surface or 
molecules attached to the surface.
When combined, the amplitudes o f peaks B and C showed similar behaviour in both heartwood 
and sapwood. Identifying the reason for the difference between the individual behaviour and 
characteristics o f peaks B and C in the sapwood and in the heartwood may assist with 
identification o f the proton pool from which peak B arises. Whereas it seems reasonable to 
assign peak C to cell wall water protons, assignation o f peak B is not so easy. As peak B begins 
to decrease around FSP, this indicates it is somehow related to lumen water. A suggestion is 
made here that peak B arises from magnetisation exchange between water in the cell lumens and 
water in the cell wall pores. This accounts for the decrease before FSP in the amplitude o f peak B 
in the sapwood.
A possible cause for the larger proportion o f peak B in the heartwood is a faster exchange rate, 
whereby magnetisation exchange is occurring faster between the cell wall water and lumen water, 
resulting in a decrease in peak C. The extractives found in Sitka spruce are o f a low molecular 
weight and are found encrusted in the cell wall pores where they occupy the space previously 
taken by bound water. These extractives will not be present in the sapwood, but only in the 
heartwood. The presence o f these extractives is suggested here as the cause o f the difference in 
amplitude in peak B between the heartwood and sapwood, as the extractives are hydrophilic and 
may reduce the residence times o f water molecules on the wood cell wall surface.
5.1.5.4. Pore Size Calculation
Water in pores for which there is fast surface pore volume exchange will appear on a line parallel 
to and below the diagonal on the T 1-T2 correlation plot [7]. The pore size calculation was 
applied to the components appearing on the diagonal; peaks A and C. The values obtained for 
peak A, the component which represents the lumen water, were 5pm (low sample moisture) and 
13 pm (high sample moisture) for the minimum and maximum lumen sizes respectively. These 
values correlate well with values obtained in another study which used scanning electron 
micrographs to measure the lumen distribution [129]. It was found that in the studied spruce 
sample the Iatewood size was distributed around 5pm and the earlywood around 13pm. These 
results imply that peak A incorporates signal arising from both the earlywood and Iatewood 
lumens. At high moisture contents larger pores are occupied and long relaxation times are 
measured. As the moisture content reduces so water is removed from the earlywood lumen first, 
thus the relaxation times decrease as the remaining water occupies smaller lumen cavities, and the 
pore distribution is shifted to smaller sizes.
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The second pore size calculated was for the cell wall water, peak C and the values obtained 
ranged between 0.5pm at the lowest sample moisture content and 50pm at the highest. It can be 
expected that the range o f pore sizes contained within the cell wall have minimum and maximum 
values somewhere around these values. These sizes correlate well with those in the literature for 
freeze-able bound water [64, 116]. The calculated values did not extend to the smallest expected 
cell wall pores, within the microfibrils, which are in the region o f nanometres, thus peak C is 
unlikely to represent these proton populations. Working the pores size calculation backwards, a 
pore size o f lOnm would have a T2 relaxation time on the T1-T2  correlation chart o f around 
lOOps. A component around this value is seen in CPMG (Table 5.1) and a similar value in peak 
D in the correlation plots. This points to peak D arising somehow from water protons within the 
microfibrils o f the cell wall and the possibility o f an additional diagonal component, which is not 
seen due to low signal amplitude.
The use o f two, rather than one monolayer to describe the surface thickness was based on the 
three dimensional nature o f the wood surface to which a monolayer adsorption cannot be applied 
[101]. Another study that used NMR relaxation rates to determine the pore size distribution o f 
wood pores also used two monolayers to describe the thickness o f the surface layer [196]. This 
study found a narrower than expected distribution o f pore sizes which they attributed to diffusion 
between compartments. It is possible that at very low relaxation rates that represent signals from 
water protons, a single layer would be more appropriate to describe the surface thickness. A pore 
size calculation was carried out for peak C at the lowest T2 value o f 0.5ms, using a single 
monolayer thickness. The pore size was still much too large to represent the smallest pore sizes 
available in the cell wall.
The difficulty in assigning peaks B and D leads us to the next set o f measurements in which T2  is 
correlated against T’2  to provide information on possible exchange between components.
5.2. T2 -T2 Correlation Measurements
In this section the results o f T2 -T2 correlation measurements made on spruce samples are 
presented. These measurements were performed in order to assist in the interpretation o f the Ti- 
T2  correlation spectra, especially identification of peak B and peak D. T2 -T2  correlation plots can 
identify if  magnetisation exchange is occurring between proton reservoirs and if  so, on what 
timescale. The following sections show results from two Sitka spruce samples, sapwood at 45% 
MC and heartwood at 25% MC. Other samples from both sapwood and heartwood showed 
similar results.
107 o f  163
C h a p te r  5: Two-Dimensional  C o r r e l a t i o n  R e l a x o m e t r y
As described in chapter 3, the Laplace transform by which this data was converted to 2-D spectra 
incorporates three time periods. During period ti a CPMG is recorded consisting o f n echoes and 
during period a 90° pulse is applied which stores the magnetisation along the z  axis. After the 
storage period the magnetisation is recovered with another 90° pulse and for the third time period 
ts another CPMG train measures the recovered magnetisation. The Laplace Transform shows 
the correlation between relaxation in time periods U and [189].
After phase rotation and transformation in Matlab (Version 7.1), the data has been plotted onto a 
two dimensional contour grid, with Tz-A along the x axis and T2 -B along the y  axis. As before, a 
blue box is fitted around the data to depict the region defined by the experimental parameters. 
The diagonal line representing the position o f Ti=T2 is drawn on to the correlation plots. The 
colour bar is given as a reference and this key is relevant for all plots. The signal to noise ratio 
was calculated by taking the maximum signal and dividing this by the noise variance. T2 -T2  
correlation experiments have a long duration thus low signal to noise data was accepted, though 
the raw data was carefully inspected and repetitions made.
5.2.1. Sapwood T2-T2 Correlation Data
A Sitka spruce sapwood sample was air-dried down to 45% MC and coated in Araldite. For 
comparison, this is the same sample as used to present exemplary 1-D and T 1-T2 correlation data.
5.2.1.1. Exemplary Measurement at 6ms Storage Time
Fig.5.10 shows the T2 -T2 correlation plot for the spruce sapwood sample measured using a 
storage delay time o f 6ms. There are five peaks seen on the plot. Those on the diagonal are 
labelled A, C and D. Those off the diagonal are labelled as B a g  and B c a ,  implying they arise due 
to exchange between peaks A and C. Peaks A and C have high amplitude and have T2  times o f  
100ms ±5% and 3.5ms ±5% respectively, whilst peak D has low amplitude and 230ps ±6% Z2 . 
The two off-diagonal peaks. B a g  and B b g ,  also have low amplitude. At this stage, correlations 
can be made between peaks A, B and D observed in the T\-T 2 spectra to those seen in the T2 -T2 
on the basis o f T2  relaxation time, although it is unknown at this stage whether there is a relation 
between peaks D and Bag and Bbg in the two sets o f correlation measurements.
5.2.1.2. Measurements Over a Range of Storage Times
The storage times used ranged between 700ps and 48ms. Fig.5.11 shows T2 -T2 correlation 
spectra at a selection o f these storage times, showing the evolution o f peaks Bag and Bca- The 
data has been ‘zoomed in’ to the region defined by the experimental parameters, which has 
excluded much o f peak D. As it is the off diagonal peaks Bag and Bca that are o f interest in this
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section, this is acceptable. The colour key shown in Fig.5.10 is applicable for all the charts in 
Fig.5.11.
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Figure 5.10: T2 -T2 correlation plot of a spruce sapwood sample. Data is shown for a 
sample at 45% MC using a 6 ms storage delay time period. Left: Correlation plot. Right:
Surface plot of the raw data with S/N of 184.
At the shortest storage time shown in Fig.5.11, 700ps there are only three peaks, A, C and D. 
Peaks B ac and B ca appear at storage delay time 1.5ms and divide and spread out as the storage 
times increase. The amplitude o f peaks A and C decrease as storage time increase and 
interestingly, at the longer storage times o f 32 and 48ms, peak C can be seen to divide into two 
separate peaks. At these longer storage times. Peak D (out of zoomed zone) also showed signs of 
dividing into two off-diagonal peaks.
The evolution of Peaks B ag and B ca was mapped by integrating the area o f these peaks for each 
storage delay measured. Peaks A, C and D were also integrated and Fig.5.11 presents the 
amplitude data for each storage time for these peaks.
The range o f storage times investigated was collected over six individual measurements ‘runs’ 
spanning a period of two weeks. Each run measured a selection of storage times and the loss of 
moisture, which equated to 3% of the total mass from the sample over this two week period, is 
reflected in the reduction in amplitude of peak A in Fig.5.10, as the measurement period 
progressed. Thus the data for the amplitude o f peak A in Fig.5.10 has been separated into the 
groups o f storage delays made in the separate measurement runs. The first run has been fit with a 
single exponential decay curve (Eq.4-3 «=1) with the bounds set so that the curve returns to an 
offset at 0.1. Within this bound, the fit yielded the parameters reduced ^  of 0.0376 and 0.97 
with amplitude o f 16 (in arbitrary units) and decay rate o f 1/81ms. This decay rate is equivalent 
to the signal lost through spin-lattice relaxation during the storage delay and thus the T\ time.
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Figure 5.11: T2 -T2 correlation plots from a Sitka spmce sapwood sample at 45% MC. 
Showing data for a selection of storage delay times. Each chart is labelled with the 
storage delay (^ 2 ) and the S/N ratio of the corresponding raw data. All charts show T2 -A 
along the x axis and T2 -B along the y  axis and have the same contour scale. Each set of 
data has been normalised to the sample weight and number of averages and is shown on 
the same intensity scale.
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Figure 5.12: Peak amplitude data for peaks seen in the T2 -T2 correlation plots. Sitka 
spruce sample at 45%MC. Particular peak in question is labelled along y-axis. Each 
chart has a non-linear curve fitted as discussed in the text. All amplitudes are on the 
same scale. Data for peak A is divided into series as described in the text. Errors were 
determined by the addition of white noise to the raw data and reanalysis.
Peak C had a T2 relaxation time centred at 3.3ms ±5% at the storage delay period lasting TOOps. 
As the storage delay time lengthened, peak C divided into two peaks with Tj o f 1ms and 5ms 
both ±5%. The decay in amplitude o f peak C with increasing storage delay time has been fitted 
with a bi-exponential decay curve (Eq.4-3 n=2). A single curve failed to fit the topmost data 
point and showed inferior values to the double fit. The parameters yielded by the fit shown in 
Fig.5.12 to component C data were as follows: reduced ^  0.286, offset from baseline 4.5, first 
component amplitude 61 with 1/16ms decay rate, second component amplitude 16 with 1/2.8ms 
decay rate.
Peak D amplitude data is shown in Fig.5.12 and has a considerable amount o f scatter and a large 
error, as determined by the addition o f white noise to the raw data. The data has been fitted with
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a single exponential decay curve (Eq.4-3 n=\) without using bounds and the scatter is reflected in 
the low agreement of the fit, which yielded reduced ^  o f 11.52 and 0.72. The amplitude was 
22.7 and the decay rate o f the curve 1/14ms.
It is assumed that peak peaks B ag and B ca arise from exchange o f water/magnetisation between 
the water/magnetisation that leads to peaks A and C. On this basis, the amplitudes o f the off- 
diagonal peaks Bag and B ga were summed and are shown in Fig.5.12 fitted with a composite 
curve given by the following equation.
1 -e x p
V ^ex  y
exp 5-2
The first term in Eq.5-2 is the peak amplitude, a complex function of the amplitudes o f peaks A 
and C. The last term represents Ti relaxation occurring during the storage interval and hence loss 
of magnetisation with increasing t. The middle term represents the growth o f the exchange peak 
as t increases. Fitting in this manner should yield a \!T\ relaxation rate that is comparable to the 
weighted average for peaks A and C. The value yielded from the fit for T\ was 9.6ms with 
amplitude of 4.4. The fit agreement, was 0.46, whilst the reduced yf value was 0.3276. The 
growth rate o f the exchange peak, rex'\ was 4.6ms"'. This is the first estimate o f this parameter.
5.2.2. Heartwood T2-T2 Correlation Data
The same data as presented for sapwood is now given for a Sitka spruce heartwood sample, taken 
from the same disc and allowed to air dry to 25% MC. This sample was also coated in Araldite.
5.2.2.1. Exemplary Measurement at 6ms Storage Time
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Figure 5.13: T2 -T2 correlation plot of spruce heartwood sample. Showing data for a 
sample at 25% MC and using a 6ms storage delay time period. Left: Correlation plot 
Right: Surface plot of the raw data with S/N of 97.
On this T2 -T2 spectra there is no peak A as the sample is below FSP. There is a distinct 
difference between the heartwood data for 6ms shown in Fig.5.13 to that o f the sapwood shown 
in Fig.5.10. The off-diagonals Bag and Bga are absent, presumably since peak A is absent, while 
peak D is no longer seen on the diagonal. There are two off-diagonal peaks at fast Z2  times, 
labelled Dge and Deg- In anticipation o f the suggestion that these off -diagonal peaks arise due to 
exchange between peak C and an unseen peak E, the position o f peak E has been indicated on 
Fig.5.13.
S.2.2.2. Measurements Over a Range of Storage Times
T2 -T2  correlation spectra from the heartwood sample for a range o f storage delay times are shown 
in Fig.5.14, showing the evolution o f the peaks labelled Dge and Deg- In this case the data has 
been zoomed in to the region o f lower relaxation time and the box defining the region o f the 
experimental parameters has been omitted for clarity. But it is noted that there are occasions 
when peaks Dge and Dec lay outside o f this box. The colour key shown in Fig.5.13 is applicable 
for all the charts in Fig.5.14.
It can be seen in Fig.5.14 that peak D begins as a single peak on the diagonal at T2  o f around 
lOOps. Peak C has a relaxation time (T^) o f a few ms. The signal to noise ratios from raw data o f 
these T2 -T2 correlations is low and reduces as storage time increases. Peaks B and C are initially 
separately resolved but gradually merge together as storage time increases.
As for the sapwood sample, the evolution o f peaks D ge and D ec was mapped by integrating the 
area of these peaks for each storage delay measured along with the other peaks, B and C. These 
charts are shown in Fig.5.15 and can be directly compared to those o f the sapwood, as the data 
has been treated in the same way. There is a large amount o f scatter in the data presented in 
Fig.5.15 which can be attributed mainly to the low moisture content o f the sample and because 
the signal intensity is declining as storage time increases.
The amplitude o f both peaks B and D relative to peak C is very low and the data errors generated 
by the addition o f white noise to the raw data accounts for the data scatter in these peaks. An 
attempt to fit an exponential decay curve was made to the peak C data, yielding the following 
parameters: reduced ^  8.612, 0.97, amplitude 61 and curve decay rate l/3.7ms.
The summed amplitudes o f peaks D ge and D eg was fitted with Eq.5-2 and yielded the following 
parameters: reduced 0.00038, R^  0.38, amplitude 4.16, Ti 10ms and rex 21ms.
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Figure 5.14: T2 -T2 correlation plots from a Sitka spruce heartwood sample at 25% MC. 
Each chart is labelled with the storage delay (^ 2 ) and the S/N ratio of the raw data. All 
charts show T2 -A along the x axis and T2 -B along the y  axis and have the same contour 
scale. Each set of data has been normalised to the sample weight and number of 
averages.
114 o f  163
C hapte r  5: Two-Dimensional  C o r r e l a t i o n  R e l a x o m e t r y
=.(D
i
CÛ
I
0
0 30 40 5010 20
70
50
40
(/)
W
c
Ü
I
Storage Delay Time (ms)
0 10 20 30 40 50
Storaoe Delay Time (ms)
0.14
</>
-  0.06
Q
^  0.04
I
0.02
0,00
0 10 20 30 40 50
Storage Delay Time (ms)
Figure 5.15: Peak amplitude data for peaks seen in the T2 -T2 correlation plots. Sitka 
spruce sample at 45% MC. Errors were determined by the addition of white noise to the 
raw data and reanalysis.
5.2.3, Analysis Using Theoretical Model
The previous analysis o f exchange (Eq.5-2) results from a complete theoretical model that has 
been developed at University o f Surrey [201], to estimate the exchange rates between proton 
pools, from the relative intensities o f the diagonal and off diagonal peaks recorded as a function 
o f the experimental storage time. For a pair o f magnetisation reservoirs corresponding to proton 
pools residing in separate compartments, N f  and 1 ^ ,  the equations governing the relaxation of 
magnetisation, where there is cross exchange between the reservoirs, are [203]
d M
d t
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6/M,
dt
~ - k b M b + k a M a + -  M ^ \  5-3
The model solves these equations in the context o f the exchange experiment, but the equations 
themselves are well known. The exchange rate between reservoirs is given by A:a,b, the relaxation 
rate as Ma,b and M^a,b the equilibrium magnetisation. The model solves these equations by 
dividing the time (?) into three periods, corresponding to the three time periods o f the Tz-Ti 
correlation measurement. The solution results in four amplitudes which are the intensities o f  the 
two diagonal peaks and the two off diagonal peaks. Written in Mathcad 2001 Professional, the 
model is used here to compare with the data obtained from the sapwood sample.
5.2.3.1. Exchange Peak Modelling
It was decided to model the sapwood data only, as the model required the parameters o f both 
peaks between which exchange is thought to occur. In the case o f the sapwood, the exchanging 
reservoirs are peaks A and C. In the case o f heartwood, the exchanging reservoirs are peaks C 
and E, and no relaxation nor amplitude values are known for component E. The input data 
required by the model are the initial reservoir amplitudes, and both the T\  and T2 relaxation time 
o f these two components. The initial amplitude were determined from the calculated intensities 
o f peaks A and C on the T2 -T2 correlation spectra, and these were extrapolated back to the 
intercept for storage time =0 and were 17% for component A and 83% for C. The Ti  relaxation 
values were taken from the T 1-T2 correlation spectra which, for peak A was 213ms and for peak 
C was 12ms. The T2 relaxation times were taken from the T2 -T2 correlation spectra at VOOps 
storage delay time and were 100ms for peak A and 4ms for peak C.
The programme was run using different exchange rates over the range o f storage delays used in 
the experiments. The exchange time was varied between 5-1000ms and the model data compared 
to that o f the actual sapwood data. Model and actual data are shown together in Fig.5.15 for a 
selection o f exchange times. The model data is joined by lines, whereas the actual data are 
individual data points as follows: peak A blue squares, peak C red squares, summed exchange 
peaks B green open squares.
A long exchange period o f 200ms as shown in Fig.5.16 (top left) resulted in too slow a growth in 
the amplitude o f the summed exchange peaks at the shorter storage delay times. The amplitude 
o f peak A and, at shorter storage delay times, that o f peak C, are well modelled. Shortening the 
exchange time to 35ms resulted in a faster growth o f the exchange peak, which better modelled 
the fast growth o f the actual data, but also resulted in a much larger than seen amplitude o f this
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peak. At 5ms exchange time the sharp rise and fall of the exchange peak intensity is modelled, 
but the size o f the intensity is too large, and peaks C and A are not modelled well.
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Figure 5.16: Theoretical exchange model data. Model data is joined by the solid lines.
The actual data is shown as symbols only. The peaks are represented as follows; peak A 
= blue square (and blue line model data); peak C red square (and red line model data); 
peak B green open squares (and green line model data). Amplitude of peaks A and C are 
shown on the left axis. Amplitude of peak B is shown on the right axis. The exchange 
time used to drive the model is shown in the top right of each chart.
None of the exchange times used result in model data which exactly replicates all the peak 
intensities over the range of storage delay times. A significance difference between the modelled 
and actual data was that in the model the amplitudes o f the off-diagonal peaks are equal, whereas 
in the actual data the amplitude o f peak B ag was always higher.
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5.2.4. Interpretation o f  T2-T2 correlation Data
The T2 -T2  correlation experiments were hoped to assist in the identification o f T\-T 2 spectra 
peaks B and D. Each peak in a T2 -T2 correlation plot shows the relaxation time and amplitude 
remaining in the initial proton reservoir after the delay period. If there are two proton pools 
between which cross-relaxation is slow, the spectrum consists o f two peaks along the diagonal. If 
the cross-relaxation between the proton pools is fast, then only one peak will be seen on the 
diagonal at an intermediate position. Off-diagonal peaks appear at intermediate rates.
5.2.4.1. Sapwood Exchange Peaks
To identify the exchange peaks the T 1-T2 correlation spectra shown in Fig.5.1 is compared with 
the T2 -T 2 correlation spectra made on the same sample with o f VOOps shown in Fig.5.11. At
this short storage delay time it is assumed little or no exchange has taken place and that the peaks 
along the diagonal are from the separate proton pools. Any peaks present in the T\-T 2 spectra but 
not on the diagonal in the T 2 -T2  are presumed to be exchange peaks [204]. In the 45% MC 
sapwood sample, at a storage delay time of 700ps (Fig.5.11) there are no off diagonal peaks. 
There are three peaks along the diagonal with T2 times o f 100ms ±5% (A), 4ms ±5% (C) and 
140ps ±6% (D) corresponding to on diagonal peaks A and C and seen in the Ti-72 spectra 
(Fig.5.1), and with a similar T2 to the off diagonal peak D, seen in the T\-T 2 spectra.
The loss in the amplitude o f peak A as the T2 -T2 measurements were repeated over a period o f  
two weeks, lends weight to the assignment o f this component to lumen water, as water fi*om the 
lumen cavities would be lost first. It also highlights the difficulty o f taking long measurements 
using a moist wood sample, without suffering moisture loss. The time constant yielded by the 
exponential curve fitted to the intensity data o f peak A is representative o f the 7% o f peak A. The 
time constant firom the fit was 81ms, thus shorter than the actual value o f 213ms, this may be due 
to the few data points used for the fit and that the data did not return to baseline. More data 
points were available to fit fi*om peak C amplitude data, although it too did not return to baseline. 
A bi-exponential fit was applied to this data, yielding equivalent 7i times o f 16ms and -3m s. 
The 7i o f peak A from the corresponding T 1-T2 correlation plot was 12ms, thus in good 
agreement with the larger o f the fit parameters.
At storage delay 700ps there are no exchange peaks on the T2 -T2 spectra. As the storage delay 
period increases, peak C splits into two, forming peak B. Peak B then fragments into two side 
peaks. Bag and Bca» which spread out to off diagonal positions. This behaviour o f the exchange 
peaks is not as expected, as the model indicates the peaks would appear in their diagonal 
positions immediately, and not move into position. This positioning may be due to the Laplace
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inversion as the fitting will be focussed on the larger amplitude components, that o f peaks A and 
C. The addition o f white noise to the data made little difference to the amplitude, or position, o f  
the off diagonal peaks.
When Eq.5-2 was fitted to the summed side peaks. B ag and B ca, one o f the yielded values was 
an exchange time between components A and C o f 4.6ms. In previous sections peak A has been 
attributed to water in lumen cavities and peak C has been identified as arising from water 
molecules residing in large pores in the cell wall. Thus 4.6ms is the first estimate o f the exchange 
o f water/ magnetisation between the lumen cavities and the cell wall water.
5.2.4.2. Heartwood Exchange Peaks
A low moisture sample was chosen to investigate exchange in the heartwood sample to avoid the 
spectra being dominated by the high intensity lumen water peak. In the heartwood T 2 -T2  
correlation spectra peak A is not seen as the sample is below ESP. At 700ps storage delay time 
(Fig.5.14), there are no off-diagonal peaks and three diagonal peaks. These peaks are peak D 
with T2 99jj,s ±10%, peak C, 1.7ms ±2% and a minor peak, 2ms ±8%. This latter peak probably 
arises due to low signal to noise o f the raw data and is not considered to be anything other than a 
possible split from peak C.
Peak D is quite diffuse at 700ps storage delay time. As the storage time increases, peak D 
divides into two off-diagonal peaks labelled Dce and Deg- They have been labelled in such a 
way to suggest that these off-diagonal peaks arise from peak C and an unseen peak, peak E. The 
non appearance o f E and appearance o f Dge and Deg is similar to results seen in hydrated 
cements where a diagonal peak at short T2 is not seen well, but the corresponding exchange peaks 
are seen [201]. This is possibly because it is outside o f the measurement (blue) box. Alluding 
back to the pore size calculate carried out using the T\-T 2 data (Section 5.1.5.4), peak C did not 
account for the smaller pores known to exist in the cell wall [116]. Within the smaller pores, o f 
the order nanometres, water would be tightly bound to the wood polymer and have a fast T2  
relaxation time, o f  the order lO’s ps. Thus there is a possibility that the off-diagonal peaks Dce 
and Deg are result from an exchange o f magnetisation/water between peaks C and unseen peak E, 
where peak E represents water in nanometre pores in the cell wall.
The summed amplitude data o f peaks Dge and Deg was fitted using Eq.5-2 and this yielded a T\ 
of 10ms and an exchange time o f 21ms between the components C and E, i.e. between the 
water/magnetisation contained within the larger and smaller pores o f the wood cell wall. This is 
the first estimate o f exchange between these components. The concern with the heartwood data 
set is the low signal to noise ratio o f the raw data, especially at higher storage delay times. The
119 o f  163
C hap te r  5: Two-Dimensional  C o r r e l a t i o n  R e l a x o m e t r y
data was checked by the addition o f noise and was found to be quite robust considering the low 
signal to noise, although the large errors do account for the scatter in the data o f peak D.
S.2.4.3. Theoretical M odel
The amplitude o f the peaks A, C and B ag, B ca were not replicated exactly by the theoretical 
model, but this would not be expected as the model is simple, and based solely on two reservoirs 
and interaction between these reservoirs only. Diffusion is implicit if  there is exchange, but 
diffusion in internal field gradients affecting 7% has not been taken account of, nor has 
magnetisation exchange between any other reservoirs, such as the cell wall water closely 
associated with the fibrils. The rise and fall o f the sum o f peaks B ag and B ga is modelled well at 
a 35ms exchange time, though with a higher than expected exchange rate. Using a shorter 
exchange time, e.g. 5ms, to model the data results in the intensities o f peaks A and C, (the 
reservoirs), having lower intensities than the actual data. As the exchange time is increased, the 
reservoir amplitudes from the model bear more relation to the actual data.
The difficulty in fitting the model data to the actual data is probably due to the complexity o f the 
wood system where exchange is occurring between more than reservoir at a time. Perhaps one 
reason for the model to underestimate peak C at short exchange times is because peak C arises 
from two separate reservoirs, only one o f which is in exchange with the lumen water. This 
suggestion arises from the T2 -T2 spectra at a storage delay o f 48ms, where is can be seen that 
peak C divides into two separate components with T2 times o f 1ms and 5ms, after showing 
elongation as the storage delay increased. These two components may be the reason for the bi­
exponential decay o f the amplitude o f peak C. Indication o f a spread of peak C is also seen in the 
T 1-T2 correlation charts where peak C occupies a region around 1ms to 10ms. Nevertheless, the 
general behaviour o f the peaks are modelled well and lends weight to the argument that peak B 
does appear as a result o f magnetisation exchange between peaks A and C. The exchange time 
estimated from the model, based solely on the rise and fall pattern in the amplitude data o f the 
summed exchange peaks, is 5ms.
5.3. Chapter Concluding Comments
As already mentioned (Section 3.3.3.1), the inverse Laplace transform o f data with noise is a 
notoriously difficult problem. Therefore it is with awareness o f this, and the difficultly in 
attaching too much importance to minor features, that the following conclusions are made. In the 
T 1-T2  correlation spectra for both heartwood and sapwood there are four consistently seen 
components and these are peaks A, B, C and D. Peaks A and C are both on the diagonal and arise 
from water protons contained in separate reservoirs in the wood. Peak A is present above FSP 
only and arises from water in the lumen cavities. It has relaxation times o f tens to ~  100ms for
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both 7i and Ti. Peak C is present above and below FSP and arises from water contained in pores 
within the wood cell wall and has relaxation times at 45%MC o f 4ms T2 and 85ms T\.
The cell wall water exchanges with the lumen water and results in the presence o f the off- 
diagonal peak B in the 71-72 spectra, which has a 72 o f the order 4ms and T\ around that o f peak 
A. Analysis o f the intensities o f the T2 -T2 spectra peaks, and comparison with a theoretical 
exchange model, has provided an estimate o f the exchange rate between the lumen water and cell 
wall water o f the order 5ms. The T2 -T2 spectra show that the cell wall water, peak C, is actually a 
summation o f two reservoirs between which there is fast exchange o f magnetisation. In the 
spectra with storage delay o f 48ms, peaks C divides into two separately resolved peaks along the 
diagonal, with 72 1ms and 5ms both with errors ±5% and probably representing the modes o f a 
range o f pore distributions.
The difference in the distribution o f amplitude o f peaks B and C in the sapwood and heartwood 
7 i-72 data may be due to the presence o f extractives in the heartwood. The extractives, which 
tend to be hydrophobic, could result in an increased rate o f exchange between the lumen and cell 
wall water, resulting in a larger amplitude o f the exchange peak in the heartwood data.
Peak D in the T\-T 2  spectra is present above and below FSP and was still present, with reduced 
amplitude after substitution o f water protons with D 2 O. In the T2 -T2 spectrum o f the heartwood 
the presence o f off-diagonal peaks Dce and Dec indicate exchange is occurring between peak C 
and an unseen peak E. Peak E is proposed to represent water protons in the cellulose fibril 
aggregates with relaxation times too short to be seen clearly on the T 1-T 2 spectra. Exchange 
between the components C and E was estimated at by analysis o f peaks Dce and Dec intensity 
data and was found to be around 20ms, although use o f this value is cautioned due to low data 
S/N. Peak D in the T 1-T2 spectra is proposed to arise due to magnetisation exchange o f the water 
in the cellulose fibril aggregates (peak E), with water in the cell wall (peak C), giving rise to the 
off diagonal peak D.
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6. The Tree-Hugger Magnet - Development
This and the following chapter address the second core topic o f this thesis, that o f the portable 
NMR system designed and created to image living trees in-situ. Advantages o f low field NMR 
equipment are that it is far less expensive than high-field, as well as occupying less space. To 
retain mobility the minimum mass must be achieved; for a permanent magnet the mass o f the 
magnet material limits the strength o f the field. Thus, by necessity portable NMR devices operate 
at low fields. Low frequency mobile NMR devices already exist. One is the NMR Mobile 
Universal Surface Explorer (MOUSE) [159,214-215] which operates at a proton resonance o f 
around 17 MHz and has been applied to biological samples [216] and the non-destructive analysis 
of wooden historic artefacts [31]. The NMR MOUSE is a unilateral surface magnet designed to 
lift the restrictions on sample size, the major disadvantages o f these magnets with regards to the 
application discussed here is the depth resolution. The NMR Mouse has a low surface 
penetrability; depth penetration to around 7mm has been reported [232].
Another portable NMR device is the Surface Garfield, [202]. Also a unilateral device, it has a 
surface penetration o f up to 50mm. Halbach arrays can be used for single sided [217] or interior 
imaging. A circular Halbach array was used in a portable magnet designed to characterize the 
cores drilled from the ocean floor [25]. Weighing around 8kg, the probe had a 65mm diameter in 
a half cylinder shape. Recently a hand-held device utilising a Halbach type array has been 
reported [218]. None o f these magnets are suitable for the in-situ measurement o f trees either due 
to depth resolution or aperture size although progress on is currently underway on a portable 
NMR magnet for the measurement o f trees called the Tree Scanner [160]. This magnet used 
Mandhalas geometry and is mechanically opened to allow access to the tree. Aperture size is 
around 110mm and the Tree Scanner weighs approximately 350kg. In comparison, the Tree- 
Hugger is lighter and has potential for a greater size o f probe aperture, which enables larger, more 
mature trees to be imaged.
The so called ‘Tree-Hugger’ magnet was designed and built by Laplacian Ltd. in collaboration 
with Surrey University. The Tree-Hugger is intended for use in the field, thus transportability 
(weight) is a key consideration in the design and the other factor is o f  course the ability to 
position the magnet and probe around a tree. As the capabilities o f the magnet are to include slice 
imaging and velocity measurements, a full set o f x, y  and z  gradients were also required. The 
design specification determined in collaboration between Laplacian Ltd. and Surrey University is 
described in the first section o f this chapter. Much of the design and optimization o f the magnet
C hap te r  6: The T ree-H ugger  Magnet -  D evelopment
provided by Laplacian Ltd. were based on proprietary algorithms, technology and design, and are 
all unique to this project. The following sections outline the design options and then go on to 
detail the final magnet specifications (the Tree-Hugger) with descriptions o f the magnet itself, the 
frame, gradients and the probe. The progress made to date using the tree hugger to image wood 
and trees is presented in chapter 7.
6.1. Magnet Design Considerations
The major issue regarding the magnet design is weight. As it needs to be transportable by one 
individual, this limits the ^H proton fi-equency. The anticipated required gradient strengths were 
calculated from initial Ti and values made on wood using a permanent magnet (Oxford 
Analytical Ltd, UK) operating at 2.6 MHz, as well as firom indications o f the velocity o f water 
moving up a conifer tree (maximum 20-40cm/hr) [205] and requisite imaging resolution. As 
imaging would be a feature o f the magnet, homogeneity was required. These factors resulted in 
the following design specifications.
6.1.1.1. Design Specification
The diameter at breast height o f a mature tree will vary according to species, age and growth 
conditions. The targeted magnet clearance o f 250mm would be sufficient to accommodate a 
mature spruce o f the order 20 years old. In order to be positioned around a tree, the magnet has to 
have open access. This is provided for in designs such as the C-Core (described later). Less 
simply addressed is the requirement that the RF probe also be open access. Coil designs such as a 
saddle coil could allow for tree access, but a solenoid would provide better S/N ratio [206].
The entire magnet needs to be moveable by a single person and this could be achieved through 
individual units in a modular design. The mass o f the magnet material limits the achievable 
proton frequency but a range between l-3MHz *H proton frequency is thought to be an 
appropriate compromise. The reason for this frequency range is based on successful 
measurements that have already been made on wood at Surrey as part o f this project at 2.6MHz, 
using the Watson magnet, and at 1.2MHz, using the magnet donated from Kent University. Any 
higher than 3MHz and the weight would be prohibitive and any lower than IMHz and there is no 
evidence that the signal to noise would be sufficient to enable imaging. Additionally, the magnet 
material must achieve homogeneity o f around 1000 parts per million (ppm) in order to 
successfully image wood which contains water components with T2 o f a few milliseconds.
Triple orthogonal gradients are necessary for imaging and need to be o f sufficient strength to 
allow resolution o f 1mm using echo times o f the order 1ms, consistent with known relaxation 
times. From the following equation [165], the transverse gradient strength (Gr) was calculated.
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Using an echo time o f 1ms (Av), proton gyromagnetic ratio (f) 42.56 MHz/T [162] and a desired 
spatial resolution (Ax) o f 1mm, the required transverse gradient strength was calculated to be 
14.7G/cm, which needs to be provided via a Techron power amplifier operating at 120A.
When considering the design options it was taken into account how well the design specification 
was addressed as well as how expensive and complicated the option would be to build. The 
options for the magnet are addressed below.
6.2. Considered Options
Five options were seriously considered. Three o f these stem from and include the classic C-core 
design whilst the other two included a hinged Cylindrical Halbach array and a unilateral design. 
These are discussed below.
6.2.1. Option 1
The first option was for a C-core magnet. This is a classic magnet design [184] and thus was a 
known technology, minimizing time taken for design and manufacturing. In a C-core, the magnet 
poles (pole pieces) are mounted on a steel frame (yoke) with two steel pole caps mounted on top 
of the magnet material, as illustrated in Fig.6.1. The steel frame forms part o f the magnetic 
circuit and significantly increases the field. The steel pole caps on the NdFeB improve the field 
uniformity for a number o f reasons: 1) The high permeability of steel acts as a filter to the 
magnetic material imperfections; 2) The surface of the steel becomes effectively an equipotential 
(of magnetic scalar potential) and the lines of flux are therefore normal to it.
Figure 6.1 : Schematic of a C-core magnet design. The red boxes represent the magnet 
pole pieces (NdFeB) with arrows showing the direction of the magnetisation. The small 
grey sections are the steel pole caps and the grey large U-shape is the steel yoke.
Where necessary, the effect of the finite radius which makes the field droop towards the edges 
and rise towards the poles centre, may be partly compensated for by the addition o f steel rings,
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sometimes called Rose rings, mounted on the surface o f the magnetic pieces[207]. The major 
disadvantage o f this option is the weight, which at around 150-250kg for a IMHz magnet is too 
excessive to be able to meet the specification.
6.2.2. Option 2
It was considered to reduce the weight markedly by replacing the steel fi*ame with another 
material, used simply to keep the magnet poles apart. Essentially no longer a C-core as the fi-ame 
is removed, this option was seriously considered as the axial symmetry was kept and the lightness
required by the design specification was met. The disadvantages were the reduced efficiency o f
the magnetic circuit due to the removal o f the steel fi-ame, which resulted in a massively reduced 
field, as well as the eddy currents caused by the steel pole caps mounted on the magnet material.
6.2.3. Option 3
Taking option 2 one stage further involves the removal o f the steel firame and also the pole caps. 
The steel frame is replaced with a carbon composite. The key advantages o f this are the 
additional reduction in weight (this is the lightest option) and minimization o f the eddy currents 
as the steel is replaced with carbon fiber composite. The key disadvantages are loss o f benefits o f  
steel poles on homogeneity and, as this is a novel design, it draws heavily on design time, 
manufacturing and cost. This option is the one chosen for the final Tree-Hugger design. Thus, it 
is discussed further later.
6.2.4. Option 4
The cylindrical dipole Halbach array design, in particular the Magic Ring [208], is also an option 
and is illustrated diagrammatically in Fig.6.2. In principle it would provide good field 
homogeneity [209]. However, it requires that the magnet be hinged so as to open. Having to 
open and close the magnet raises issues o f field reproducibility as in order to maintain 
homogeneity the individual magnets would have to return to exactly the same position each time 
the magnet was opened and closed. This would call for precise engineering, potentially resulting 
in additional weight as well as expense.
The Kent University magnet, after which the Tree-Hugger was named, used a cylindrical array in 
a wrap around system that allowed for the magnet to be opened by a winding mechanism. The 
Kent design required considerable force to open and close. Placing the hinge at a ‘diagonal’ 
position as suggested by Blunder and implemented in the “NMR cu ff’ [231] as shown, eliminates 
the force required for opening.
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The hinged Halbach design is an unknown technology at the intended size and would require a 
split-coil gradient set and RF coil, which would further complicate the design. Despite the 
complexity o f the hinged Halbach option, this was the only option where the magnet’s mass could 
possibly have approached as little as 20kg, allowing the magnet to be manually lifted and carried.
Figure 6.2: Schematic of Halbach Array design. The red represent the magnet pieces 
with the arrows showing the direction of magnetisation (which are only stylized and not 
accurate representations). The black line represents the axis of the hinge necessary to 
open and close the magnet.
6.2.5. Options
The final considered option is a unilateral design combined with rotation as shown in Fig.6.3. A 
unilateral magnet design was an attractive option because it is a known technology. Other 
portable NMR systems exist which utilize a one-sided permanent magnet, such as the 
aforementioned NMR-Mouse [159]. The one-sided magnet shown as a schematic in Fig.6.3 is 
similar to a unilateral portable magnet called the Surface Garfield, which operates at 3.1MHz and 
requires no additional gradients, the field gradient being intrinsic [202].
Figure 6.3: Unilateral with rotation Diagram. The red represents the magnet material 
with arrows indicating the direction of the unilateral magnet. The black line indicates 
rotation around the sample (brown).
The advantage o f the unilateral design is the removal o f the restriction on sample size, which is 
usually present in standard fixed NMR equipment, where the geometry may only allow for test- 
tube sized samples. Being intended for profiling, the unilateral magnet would obtain an image by
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rotation around the tree using a motor. This calls for a high level o f  technology for the rotating 
motor, which reintroduces weight to the total system. The difficulty o f moving the magnet 
around the tree, coupled with the weight, is a major disadvantage o f this design option. Another 
disadvantage is that the strong radial gradient imposes severe restrictions on slice selection in the 
vertical direction and almost certainly precludes vertical velocity measurements.
6.3. The Final Design
The final design is based on option 3. The drivers for the build were the requirements to 
maximize the magnetic field as well as the field homogeneity, whilst minimizing the overall 
weight and complexity. Following is a description o f how the magnet, frame, gradients and RF 
probe are designed in order to meet the initial specification.
6.3.1, The Magnet Optimisation
Removal o f the yoke and the pole pieces allow for a large reduction in weight o f the magnet. The 
cost o f this is (as noted above) that the benefits o f the steel pole on improving homogeneity are 
lost. A modest correction o f this inhomogeneity is achieved via a hole in the magnetic material, 
resulting in a single ring achieving a homogenous field over a small diameter [210]. Laplacian 
Ltd adopted this ring arrangement and has used multiple rings to achieve the optimum 
homogeneity. Neodymium iron boron (NdFeB) material has been used to construct the magnet 
rings, using small individually magnetized pieces. In order to determine the location, dimensions 
and number o f rings required to enable a sufficiently large homogenous field, a given field and 
homogeneity were targeted and for a range o f results the number, dimension and mass o f the 
rings recorded. Whilst searching for the optimum configuration the following factors were taken 
into account: the weight (minimize); the frequency (maximize); the magnet homogeneity 
(maximize).
6.3.1.1. Effects of Chosen Target Magnetic Field
In order to determine the mass o f magnetic material required, the chart in Fig.6.4 shows the field 
strength achieved by a given mass o f magnetic material, for a given ring system. This is typical 
o f all ring systems studied. For the frequency range under investigation, the mass o f magnetic 
material shows a reasonably linear relationship to field strength and it is clear that there is an 
escalating weight penalty as fields o f more than a few MHz are targeted.
In order to meet the initial specification that the magnet be luggable, the mass needs to be kept 
low. The optimum field is therefore in the region o f 1-2 MHz, as above 2MHz weight becomes 
excessive for one person
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Field ('H MHz)
Figure 6.4: Chart of magnetic material mass versus magnetic field. Data provided by
Laplacian Ltd.
6.3.1.2. Effects o f  Chosen Target Homogeneity
The initial specification calls for field homogeneity o f -1000 ppm, which at IMHz equates to ± 
lOOOHz. The chart in Fig.6.5 shows how the required magnetic material mass scales with 
homogeneity for a IMHz field. Also shown on the right y  axis in Fig.6.5 is the number o f rings 
required versus the targeted homogeneities. Generally, improvements in homogeneity need more 
rings and require additional mass. Also, as illustrated on the chart at 30kgs NdFeB, for the same 
mass and same number of rings, improvement in field homogeneity can be achieved through the 
optimisation o f the ring configuration
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Figure 6.5: Chart showing change in field homogeneity with magnetic mass and number 
and arrangement of rings, for a field at ’ H  I M H z . Data provided by Laplacian Ltd. Data 
on left y-axis black circles. Data on right y-axis blue squares.
In the final magnet design five NdFeB rings are used and are arranged in a fashion similar to that 
shown in the schematic in Fig.6.6. It should be noted that the chart in Fig.6.5 shows the ideal
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scenarios for homogeneity at a particular magnet material mass and for reasons explained later, 
the actual homogeneity o f a built magnet is lower than these values.
Figure 6.6: Design schematic of magnet rings mounted on frame. The central brown 
cylinder represents a tree trunk. The lighter grey area is the frame and the magnet rings 
shown as dark grey circular structures.
6.3.2. The Frame
The NdFeB magnet pieces are usually moimted directly onto a steel yolk. For this purpose steel 
is too heavy as the frame has to meet the initial design specification o f being lightweight, whilst 
also being strong enough to safely keep the magnet poles apart. A crude estimate o f the force 
between the magnetic poles (Fz), assuming the flux density is homogenous, is given by [211],
f  = 6-2
llu ^A
where /uq is the permeability o f free space, which has the value 4;r x 10'^  N/A^, A is the area 
between the poles and B is the field strength of 2.5mT. Using a distance between poles o f 30mm, 
the force between the poles is estimated at 125N. The actual force was calculated using a Finite 
Element analysis by Laplacian Ltd. and was determined to be -ICON. The bend this force would 
induce in the frame is dependent on the material stiffness, where Young’s modulus {E) gives a 
measure o f material stiffness, as follows,
AL = 6-3
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where Æ  is the change in material length, L q the initial length and Ho the initial cross-sectional 
area. The materials considered were: aluminium; non-composite plastics e.g. PVC; composites 
e.g. glass or carbon fibre. Aluminium, with the highest Young’s Modulus o f 345 GPa [212] was 
eliminated due to the issue o f eddy currents. A carbon fibre composite was selected over the 
other options as it is stronger for the weight, having Young’s modulus o f 207 GPa [212]. The 
frame is a unique design constructed using aerospace technology. A simplified schematic is 
shown in Fig.6.6.
6.3.3. The Gradients
The design specification calls for three orthogonal gradients (i.e. x, y  and z) o f  specified strengths. 
The gradients are a novel design as they are manufactured using aluminium. Aluminium is a 
poorer conductor o f electricity than copper, having an electrical resistivity o f 2.65x10'^ ü m  
compared to 1.7x10'^ Dm  for copper [212]. Despite this, aluminium was chosen over copper as 
the saving in weight was deemed more important. The gradients were designed using a 
continuous, rather than discrete, mathematical algorithm deriving a stream function. The stream 
function profile is cut into the aluminium. Several methods o f cutting the gradients were 
considered, including: chemical milling (etching), laser cutting, wire erosion, and water cutting. 
The route chosen by Laplacian remains proprietary and confidential.
Each gradient is made using two sheets o f aluminium sandwiched around thermoset composite 
fibre glass. Carbon fibre is not used instead o f fibre glass as carbon fibre slightly conducts 
electricity. This was tolerable in the magnet frame, but as strength is not an issue for this use, it 
was both cheaper and more appropriate to use fibre glass. The gradients are assembled with an x, 
y  and z gradient separated by insulation with copper tubing for water cooling positioned on the 
outer sides. These layers are then potted in a composite material with PTIOO temperature sensors 
positioned at ‘hot spots’, where the windings are the thinnest, to monitor the temperature.
6.3.4. The RF Probe
In order to meet the design specification the probe needs to allow access to a standing tree. For 
this requirement two methods are considered which are a solenoid coil and a saddle coil [186]. 
Both these options are shown diagrammatically in Fig.6.7.
The main advantage in using a saddle coil is the accessibility o f the design in that it is easily 
adapted to be opened and closed, allowing it to be placed around a tree. The disadvantage in this 
case is the field direction which, as shown in Fig.6.7, passes horizontally through the coil. This 
would cause the field to go into one end o f the carbon firame. Apart fi-om the field direction o f  the 
solenoid, which is vertical as shown in Fig.6.7, the other advantage o f using a solenoid coil is an
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increased field per unit current, resulting in a greater signal to noise ratio as the sensitivity o f the 
saddle coil is lower by a factor of around Vs compared to a solenoid coil [165].
B
Figure 6.7: Optional coil designs for Tree-Hugger magnet. Left: The saddle coil; Right:
The solenoid coil. Bi indicates the direction of the RF field.
An RF open access probe has been constructed for use with the Tree-Hugger using the solenoid 
design. The ‘turns’ of the coil are copper printed onto a flexible sheet. The ends of the sheet are 
joined to form the solenoid cylinder shape by using a large multi-way connector running axially 
to link the ends o f each of the 22 turns together, (shown later in Fig.6.12). This enables the probe 
to be wrapped around a tree and allows for a relatively large sample size, having an internal 
diameter o f 280mm.
Although the open access design works well, to improve the signal to noise a shielded probe was 
also constructed, as shown in Fig.6.8. The shielded probe is constructed using two glass 
cylinders one of 170mm diameter and the other of 130mm internal diameter. The solenoid coil is 
wound onto the inner cylinder, again using 22 turns, and is then situated inside the outer cylinder.
Electromagnetic and radio frequency shielding is provided by layers of copper wrapped around 
the outer cylinder to a thickness determined by the skin depth. The skin depth (^  at IMHz was 
found using the following equation.
2 p 6-4
where p  is the resistivity, which for copper is 1.7x10'^ Qm [212]. The skin depth gives the 
distance below the surface where the current density falls to 37% of that at the surface, thus 
conventional practice is to shield using at least 3 skin depths. The skin depth at IMHz was
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calculated to be 65pm, thus the thickness o f copper shielding used, which was 0.66mm was 
sufficient to account for the skin depth
130 170
00
Figure 6.8: Isometric projections of the shielded solenoid RF probe. The inner cylinder 
with solenoid coil wound on is shown on the left. The outer cylinder covered in copper 
shielding is shown on the right. All dimensions in mm. Not drawn to scale.
6.3.4.1. Probe Tuning
A resonance circuit with inductance and capacitance in parallel (tank circuit) has been previously 
used in the group and capacitors have been used to both match the impedance o f the coil to the 
electronic circuits and to tune to the desired frequency. For the Tree-Hugger a different method, 
more suited to low frequencies is used to tune the probe. The circuit, as shown in Fig. 6.9, uses a 
balun transformer [213] to match the impedance o f the circuit to 50D and an inductor and a 
capacitor to tune the circuit.
S eries C rossed Diodes
L C R tuning 
capacitor
TX Power 
Amplifier
C rossed Diodes 
to ground
X/4
RF Coil
Match resistor
Broadband transmission  
line 4:1 transformer.
Figure 6.9: Schematic of circuit used to tune Tree-Hugger coil. TX = transmitting; RX 
= receiving. Designed by Dr. Jon Mitchell whilst at University of Surrey.
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The coil is tuned to low impedance with a series capacitor. A resistor is used to bring the 
impedance up to \1.5Q  which, via the 4:1 balun, matches the 50D of the amplifiers. The 
improvement o f this circuit in comparison to a parallel tank is that less capacitance is required to 
tune to low frequencies, and a large bandwidth is obtained. The total amount of capacitance 
required to tune this circuit to IMHz is around 850pF. The crossed diodes act as filters to block 
noise from the transmitter when the coil is in receiving mode and protects the receiver from any 
residual voltage from the pulse when in transmitting mode. The RF signal passes between these 
two sets o f diodes along the quarter line cable (A,/4) which, put simply attenuates any reflected 
signal [163]
6.4. The Tree-H ugger M agnet
The series of photographs below show the final Tree-Hugger magnet. The design is based on two 
magnetized plates (discs) placed either side o f the tree. Small pieces o f magnetic material are 
bonded onto a composite plate to form concentric magnetic rings o f opposite polarity. The 
NdFeB material is usually assembled from magnetized pieces directly onto steel, but for this 
application steel was too heavy and instead the pieces are assembled onto composite. In order to 
maximize the weight used on the magnet and gradients, and to minimize overall weight, the 
magnet is encased in a light weight carbon fibre composite frame. The carbon composite frame 
housing the magnetic pieces is shown in Fig.6.10 below.
Figure 6.10: Front and rear images of the Tree-Hugger frame and magnet poles. The 
front view (left) shows the opening for the tree. The rear view (right), shows the two long 
openings for the gradients to be inserted.
The magnet rings are constructed using more than 100 pieces and result in a mass o f 22kg of 
NdFeB. The permanent magnetic field (Bo) is 0.0225T with a proton (*H) resonance frequency 
of 1.085MHz. Combined with the weight of the carbon composite frame of 23kg, the total weight 
of the magnet as pictured in Fig.6.10 is 55kg. The gradient and RF coil technology for this 
design is straightforward and mounts on the magnet faces.
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The gradients, which are formed from aluminium as copper would be too heavy, are easily 
removable plates as shown in Fig.6.11. Each gradient plate consists o f an %, y  and z gradient and 
weighs 15kg. They are water cooled and the blue piping which transports water to the gradients 
is shown in the images in Fig.6.11. The actual strengths o f the gradients as manufactured, 
operating a 120A are: x axis is 6.7 G/cm, y  axis is 7.1 G/cm and the z axis is 10 G/cm. The in-situ 
performance o f the gradients is very similar at 6.4 G/cm, 6.8 G/cm and 10.6 G/cm respectively. 
Thus the performance o f the x and y  gradients are lower than targeted, but should be sufficient to 
enable resolution o f 1mm as the working echo time is >lms. The z gradient has a better 
performance.
Figure 6.11: Images of the gradients being inserted into the Tree-Hugger frame. The 
photo on the left shows the gradients part-way inserted. The photo on the right fully 
inserted.
The open access RF probe designed for use around standing trees is pictured in Fig.6.12. This coil 
uses 22 turns and has an internal diameter o f around 180mm. The S/N ratio from this probe is 
-0.1 for a single shot o f 250ml H 2 O. This is too low for successful imaging.
Figure 6.12: Images of the open-able RF coil in the Tree-Hugger magnet. The view on 
the left shows the probe closed. The view on the right shows the coil fully opened.
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To improve the S/N, the shielded solenoid coil was designed and built to incorporate 
radiofrequency and electromagnetic shielding. This probe uses a 22 turn solenoid coil wound 
using 2.4mm diameter copper wire onto an inner glass tube. The outer shield comprises 0.66mm 
of copper coated fabric, with a high copper content (RS Components, UK), wrapped around the 
outer glass cylinder. The probe is pictured in Fig.6.13 and, for a single shot o f 250ms H2 O 
achieves S/N ~6. The resultant internal void is a maximum diameter o f 130mm, thus reducing 
the possible sample size. This was the maximum achievable diameter as the size was restricted 
by the necessary gap between the inner and outer tubes to avoid any strong field effect on the RF 
field homogeneity of the coil. The signal to noise from the shielded probe is much improved and 
allows for successful imaging, though is not suited to standing trees.
Figure 6.13: Images of the shielded RF coil in the Tree-Hugger magnet. The photo on 
the left shows a side on image. The photo on the right shows a full-length image of the 
RF coil with the copper shielding.
The measurements made on the Tree-Hugger magnet presented in the next chapter are all 
obtained using this shielded solenoid coil.
6.4.1. Homogeneity
In order to measure the homogeneity of the Tree-Hugger directly the following experiment was 
carried out. A cylindrical piece o f plastic was placed in the centre o f the RF coil. This plastic 
support has an array of circular holes drilled into it spaced at 1cm intervals to provide a cross- 
sectional area, as shown in Fig 6.14. Each hole accommodates a test tube and by systematically 
moving a test tube into each hole in the plastic, the area inside the solenoid coil can be mapped.
Two test-tubes were part-filled with water doped with copper sulphate (CUSO4 ). One test tube 
was used as a reference to ensure the system did not go off resonance during the set of 
acquisitions made. A single echo was acquired with 256 averages using the following 
parameters: 64 points at a sampling rate of l/40ps, a 4ms echo time and with 90° and 180° pulse
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lengths of 100p,s and 200ps respectively using a 2kW power amplifier. The repetition delay was 
a short 0.3s, allowing a collection time o f just a few minutes per measurement.
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Figure 6.14: Mapping the homogeneity of the Tree-Hugger. Left: A diagrammatic 
representation of the cross-sectional area provided by the holes in the plastic support, 
with circles representing the position of the doped water filled test tubes; Right: The 
homogeneity map indicating the x and y  axis directions. The data is given in units of Hz.
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Figure 6.15: Distribution of frequency offset in determining the homogeneity of the 
Tree-Hugger. The chart shows the distribution of frequency offset values determined 
from the reference position. The distribution has been fitted with a normal distribution 
curve and the FWHM value taken from this curve. The FWHM was found to be 1900Hz.
A separate measurement was acquired for each hole in the plastic support by moving the test-tube 
around and leaving the reference in the same position. The signal was Fourier transformed and 
the magnitude taken. The frequency positions o f both test-tubes were recorded. The frequency 
offset at each position was determined by finding the difference from the reference tube, at each 
position. A colour map of frequency offset from the reference tube is shown in Fig.6.14, where 
the data has been normalised to the central position. The distribution of frequency offset in hertz
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is given in the histogram in Fig.6.15. This histogram has been fitted with a normal distribution 
curve and the full-width-at half-maximum (FWHM) value has been calculated from this graph to 
be 1900Hz. Taking this value to be equivalent to Af, it can provide a rough estimate o f the 
magnetic field homogeneity over a planar distance o f 120mm, calculated to be 1750ppm.
As mentioned earlier, the theoretical homogeneity was unlikely to be that achieved in the working 
magnet. This is due to the manufacturing process o f the individual magnet pieces both in size and 
the internal magnetic properties, as well as the assembly o f the rings. To get a precise size, 
magnetization and positioning o f each individual magnet piece would have required extreme 
manufacturing costs, thus some deviation from the ideal was expected that would result in a 
reduced ppm.
6.5. C h apter C on clu ding  C o m m en ts
The final design o f the Tree-Hugger has been successful in filling much o f the initial design 
specification. The magnet itself can be assembled on site to allow positioning by one person, 
although lifting requires extra help. The magnet is sturdy and robust enough for field use. The 
size o f the probe aperture is sufficient to allow for the imaging o f mature trees and the signal to 
noise ratio for the shielded coil has potential for flow imaging. O f course, for field imaging an 
open access probe is required and the present model will not operate well enough for field 
studies. Thus a new open access probe will be designed and options for this are discussed as 
future considerations in chapter 8. The method used for probe tuning was successful and all 
measurements have been made without having to replace blown capacitors or making frequent 
adjusting to tuning, as was necessary when using tank circuits.
As seen in the homogeneity map (Fig.6.14), the magnetic field is unevenly distributed. In the 
following chapter this is reflected in the images acquired using the Tree-Hugger magnet. The 
targeted magnet homogeneity was lOOOppm. Using the frequency offset data, a rough estimate o f 
the achieved homogeneity, measured over a 120mm planar distance, is 1750ppm. Laplacian Ltd 
calculated the achieved magnetic field homogeneity by plotting the field over a sphere o f 140mm 
diameter and projecting outwards to 200mm. Using this technique, the homogeneity was found 
to be lOOOppm over 140mm diameter sensitive volume (dsv) and SOOOppm over 200mm dsv.
Finally, as an existing system designed for the in-situ imaging o f trees the Tree-Hugger is the first 
o f its kind. It is an addition to the range o f portable magnets available and provides a low field in 
an open access design. The following chapter reports the progress made so far in development o f 
the Tree-Hugger magnet for the imaging o f living wood in-situ.
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7. Imaging Using The Tree-Hugger Magnet
The preliminary results obtained from the Tree-Hugger magnet that was described in the previous 
chapter are presented here. As a stand alone chapter, all measurements made and materials used 
are described within. Measurements were collected using RINMR (Version 4.6.0) software 
(Resonance Instruments) and analysed using RSI IDL Version 6.2. The sections are divided into
2-D images without slice selection, attempt to record 2-D images with normal slice selection and 
full 3-D data sets. Within each section the method is presented and then sub sections are used to 
present the materials used and resulting images. A short discussion and interpretation follows 
each image. The chapter concludes with an overview of what has been achieved thus far using 
the Tree-Hugger magnet.
7.1. Two D im ension a l im agin g  W ithout S lice  S e lec tio n
The pulse sequence used for 2-D imaging was a standard spin-echo as shown diagrammatically in 
Fig.7.1. Hard pulses were used for the 90° and 180° pulses. Because there is no slice selection 
the image acquired is a bulk image.
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Figure 7.1: Pulse Sequence for 2-D imaging experiment. TX= transmitter; RX=
receiver.
Method
The read gradient is along the x axis and was applied before and after the 180° degree pulse and 
during acquisition. The parameters used to collect the images presented in this section are given 
in the timing diagram in Fig.7.2 and described underneath.
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Figure 7.2: Timing diagram showing parameters used in 2-D imaging experiment.
Signal acquisition continues for a time period equal to the number o f points along the read 
direction (64) multiplied by the dwell time, 60ps. The same numbers o f phase encode steps as 
number o f points is used to enable a square matrix. There are 64 phase encode steps and the 
phase encode gradient, applied along the z axis, varies in amplitude from a minimum to a 
maximum value over these steps. The time allowed for the system dead time was SOOps. Unless 
otherwise specified, the time delay after the first 90° pulse (r) was 5ms and signal acquisition 
commenced after 2  T.
For measurement, the sample was placed in the centre o f the solenoid coil. The images presented 
below are shown on the co-ordinate axis as shown in Fig.6.14 where the x axis runs longitudinally 
up the page and the z axis horizontally across the page. The number o f averages collected is 
limited by the total computer system memory; using the parameters given above, 256 averages 
are possible. The averages are separated by a repetition delay o f Is and the entire image takes 
around 4 hours to acquire.
7.1.2. Results and Discussions
Images are presented in order o f increasing complexity. Firstly a phantom is shown, followed by 
a selection o f wood images.
7.1.2.1. 2-D Phantom
The phantom consists o f a short, plastic cylinder o f diameter 120mm, with 57 holes drilled into it 
to allow NMR size test-tubes to be inserted. The holes are 1cm diameter spaced at 11.8mm 
centre to centre. Test-tubes filled up to a height o f 4cm with a weak copper sulphate (CUSO4 ) 
solution were inserted in to the holes in the grid. The solution occupies 8 mm diameter o f the test
139 o f  163
C h a p t e r  7; The T r e e - H u g g e r  M a g n e t -  Wood Im ages
tube, thus there is a distance o f 3.8mm between samples. One hole was left empty in the grid to 
allow for sample orientation. In Fig.7.3 a photograph of the phantom is shown (left) and next to 
it is the grid arrangement (middle) o f holes. The 2-D image made o f this phantom is shown in 
Fig.7.3 on the right.
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Figure 7.3: 2-D image of phantom. From Left to right: (Left) Photograph of phantom 
filled with test-tubes. (Middle) Diagram of grid array showing arrangement of the test- 
tubes and position of absent tube. (Right) 2-D NMR image of the phantom.
In the 2-D NMR image each test-tube is resolved and the missing tube is clearly seen. There is a 
good agreement between the phantom grid and the NMR image. With reference to the map of 
homogeneity obtained in the previous chapter, the curved distortion shown in the phantom image 
(Fig.7.3 -  right) correlates with the frequency distribution as mapped previously. The resolution 
can be concluded at this point to be at least 3.8mm, as the gap between solutions is resolved.
7.1.2.2. 2-D  Small Yucca
This next image was obtained from a healthy living Yucca. The small tree measured around 
400mm tall, including foliage and was 40 mm in diameter. It had four distinct leafy off-shoots as 
shown in the top down photograph in Fig.7.4 (left). This photograph shows the leaves cut down 
for clarity. The Yucca was measured by wrapping the soil and roots o f the living plant in a 
plastic bag and inserting into the RF probe at a height estimated to image upper third portion of 
the stem. The photograph shows the Yucca oriented similarly as it was inside the RF probe and 
can be compared to the NMR image obtained which is shown in Fig.7.4 (middle).
After imaging the tree was cut to see the internal structure. A cross-section through the stem of  
the tree is shown in Fig.7.4 (right) and demonstrates the homogenous structure which is 
characteristic o f monocotyledons. The homogenous structure is repeated in the NMR image 
which shows a ring of high moisture content just in from the outer edge. This is also seen in the 
photograph as a brown ring and is a result of concentration o f vascular bundles around this outer 
perimeter. The vascular bundles carry the moisture up the plant thus the moisture is concentrated
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on the outer edge. The vascular bundles are diffusely distributed across the rest o f the area which 
shows up as yellow or red in colour.
Figure 7.4: 2-D image of living Yucca. From Left to right: (Left) Photograph of Yucca 
from the top down. Leaf offshoots have been cut back for clarity. (Middle) 2-D NMR 
image of Yucca. Colour scales from low to high as: bluc-grccn-rcd-ycllow as shown in 
the colour bar (a.u.). (Right) Photograph of cross-section through the Yucca.
The leaf bundles are well represented and correlate with the actual positions. The additional 
signal seen at the top o f the NMR image may be from a lower down offshoot. Within a 5mm 
region (0mm to 5mm shown on scale bar) in the centre image of Fig.7.4 three distinct regions are 
resolved. From the outside in first a green layer representing the bark is seen, next a thin red 
band arising from possibly phloem or diffuse vascular bundles. The third region is the band of 
densely packed vascular bundles which is yellow. The distortion seen in the phantom image is 
not so apparent in this image and this may be due to the smaller sample (40mm diameter) 
occupying a smaller area o f magnetic field than the phantom (120mm diameter).
7.1.2.3. 2-D  Sitka Spruce W edge
A wedge was cut from a disc o f Sitka spruce cut from a tree of around 15 years old (supplied by 
Forest Research, Roslin). The disc had been stored frozen and was allowed to thaw before 
placing into the magnet. A photograph of the wedge is shown in Fig.7.5 on the left side. The cut 
radial sides measured around 100mm and the thickness was around 40mm. The corresponding 2- 
D NMR image o f the transverse surface of the spruce wedge is shown on the right in Fig.7.5.
It is immediately obvious that the sapwood and heartwood are well distinguished by moisture 
content. The lower intensity colours o f blue and green colour the heartwood, whereas the higher 
moisture sapwood is dominated by red and yellow. The widely spaced annual rings o f the 
heartwood are clearly distinguished and it is estimated that the heartwood consists o f the first 5-6 
annual rings. The more closely spaced annual rings o f the sapwood are harder to distinguish. 
The blurring o f the annual rings is a consequence of method of measurement that takes a bulk 
image, rather than using a slice selection. The annual rings do not follow a straight longitudinal
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path, but will vary through the length o f the 40mm sample enough so that one annual ring will 
occupy a slightly different position further down the sample.
Heartwood
Sapwood
Figure 7.5: 2-D image Sitka spruce wedge. Left: Photograph of transverse surface of 
spruce wedge. Right: 2-D NMR image of spruce wedge. Colour scales from low to high 
as: blue-green-red-yellow as shown on the colour bar (a.u.).
Another feature that is clearly observed in the NMR image is the pith. As labelled on the spruce 
photograph it is situated off centre, towards the bottom of the pointed edge o f the wedge. The 
low moisture content o f the pith is illustrated in the NMR image, where it is shown with no 
colour. There is distortion in the NMR image; most notably the top radial edge is extended 
relative to the bottom radial edge and the outer edge, near the bark, has a concave shape rather 
than the expected curved shape.
7.1.2.4. 2-D  Sitka Spruce Disc
The next image used a whole disc of Sitka spruce (supplied by Forest Research, Roslin). This 
disc was freshly cut from a tree aged 9-10 years. A photograph of a cross-section of the disc is 
shown in Fig.7.6 (left). The diameter o f the disc was around 100cm and the depth around 45mm.
Distortion in the corresponding 2-D NMR image o f the spruce disc in Fig.7.6 (right) is 
immediately apparent. This sample filled the internal probe area well, thus encountered the entire 
field as mapped in the previous chapter. As a consequence the magnet inhomogeneity is clearly 
seen as the top o f the image has reduced signal despite an even moisture distribution. It is known 
that this distortion is due to the magnetic field, and not to the sample moisture distribution, as the 
same experiment was repeated with the sample rotated around 180° and similar results were 
obtained, where the top o f the image was badly resolved.
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Again in the spruce disc, the heartwood and sapwood distinction is clearly seen. In this, younger 
sample, the sapwood occupies a larger proportion o f the wood and the heartwood is limited to 
around 3-4 annual rings surrounding the pith. The bark is also seen as a blue/green external ring 
on the outer edge o f the image. Due to the blurring caused by the deviation o f annual rings 
throughout the sample, it is difficult to discern whether there is a boundary zone between the 
sapwood and heartwood. The scale bar shown on both images in Fig.7.6 has divisions o f 5mm. 
In the image on the right, it is possible to discern two separate annual rings between 10mm and 
15mm along the scale. From this it is possible to estimate an experimental resolution o f 2mm.
Distortion
S ap w ood r/ Hèa
Figure 7.6: 2-D image Sitka spmce disc. Left: Photograph of transverse surface of 
spmce disc. Right: 2-D NMR image of spmce disc. Colour scales from low to high as: 
blue-green-red-yellow as per colour bar (a.u.). Ruler not to scale, each division = lem.
The spatial information in the 2-D images shown here is frequency encoded along the x direction. 
The resolution in the x direction (Ax) is determined by a change in NMR frequency along the x 
axis as a result o f the applied gradient, thus is limited by the strength of the applied gradient and 
the NMR line width, where the gradient must be stronger to resolve broader line widths [165]. 
The spatial information is phase encoded along the z direction and the resolution is determined by 
the maximum k space values in the z dimension (kz), the digital resolution (1/Az).
The digital resolution is given by the number of phase encode steps, riz and the k space sampling 
interval Ak^ [165]. The sampling interval size is limited as it must be small enough to correctly 
sample the signal frequency. Therefore, the digital resolution is increased by increasing »%. In 
the experiments conducted here, and thus the resolution, is limited by the software restrictions 
on data acquisition as the software used has a maximum number of data points that can be stored 
in any single measurement.
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It is difficult to directly measure the gradient strength due to uncertainties such as the amplifier 
calibration and eddy currents, therefore the resolution. Ax is taken as the observed pixel size, and 
calculated using the images in Fig.7.3 to be 1.3mm, where the size o f the sample was 104.4mm 
and the number o f points sampled was 64.
7.1.2.5. T2  Contrast o f  a Sitka Spruce D isc
The measurements shown in Fig.7.7 are from the same spruce disc but the measurement 
parameters have been varied slightly. Whereas in the previous images a rvalue o f 5ms was used, 
in Fig.7.7 two images have been acquired using rvalues o f 3ms (Top left) and 20ms (Top right). 
The image on the bottom in Fig.7.7 was not from a measurement, but shows the data acquired 
using r=20ms subtracted from the data acquired using r=3ms. The implication of this procedure 
is that any component in the wood sample with a proton spin-lattice relaxation time less than r 
will not be observed. This is because the 180° pulse will not refocus spins that return to 
equilibrium during the period x. Hence, subtracting the data set acquired usingr=20ms, from the 
data acquired using r=3ms, to a first approximation, leaves only information from short Ti.
Figure 7.7: 2-D NMR images of the Sitka spruce disc. Top left: 2-D NMR image of 
spmce disc, r  =3ms. Top right: 2-D NMR image of spmce disc, r  =20ms. Bottom: 
Resulting image when data from top right is subtracted from data in top left images. 
Colour scales exponentially from low to high as: green-white.
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Previous chapters have shown that NMR T2 relaxation values for the liquid in wood have at least 
three components, in the region o f lOO’s ps, a few ms and tens/hundreds o f ms. Signal from only 
the largest pores where T2 relaxation is greater than r will be observed. Thus the spin echo 
imaging sequence with r  o f 5ms excludes detection o f the water protons contained within the 
smallest cell wall pores (lOO’sps) and the majority o f other cell wall pores (few ms). The lumen 
water will be observed as the longer relaxation times (tens/hundreds ms) will allow for detection. 
Additionally, lumen water relaxation scales with the lumen diameter, with the latewood generally 
having a smaller internal lumen diameter than heartwood, thus the annual rings are observed.
The difference in relaxation time between the latewood and earlywood can be exploited to 
provide contrast in the image. This was attempted in Fig.7.7 where two images were sequentially 
obtained, without moving the sample, using a different rvalue. It would be expected that the first 
image (top left) using z  =3ms would include signal from both earlywood and latewood lumens 
and from the larger cell wall pores >0.3pm (as calculated using Eq.5-1). The second image (top 
right) has z  = 2 0 ms so excludes all cell wall pores and possibly some small latewood lumens as 
the signal in this image arises firom cylindrical pores >~2 pm.
After the second image was subtracted from the first (Fig.7.7 bottom) the annual rings are more 
clearly distinguished. After subtraction the remaining data is only from pores <2pm thus cell 
wall and small lumens, more likely firom latewood. As latewood tracheids have a larger cell wall 
than earlywood, the bright areas in the subtraction image most likely represent the latewood 
portion o f the annual rings. Signal is only seen firom the sapwood and the red bar in the 
subtraction image labelled ‘A ’ shows ten annual rings can be resolved in this part o f the image. 
As this is greater than the total number of rings in the sapwood this must be an error. It is 
possible that the two outer rings are part o f the bark and not the wood. Also distortion due to the 
bulk image may add another ring. The second red bar labelled ‘B ’ shows just 6  annual rings, 
which is the expected number.
7.2. Im aging With S iice  S e iec tio n
Slice selection was the obvious method to combat the annual ring distortion through the sample 
and so obtain a clearer image. For a well defined slice, a shaped pulse is used to excite spins 
within a desired bandwidth. When a shaped RF pulse is applied at the same time as a gradient 
orthogonal to the slice, only those spins with Larmor frequency at the same bandwidth o f the RF 
pulse will be excited and rotated onto the transverse plane [161]. Extension o f the spin echo used 
for 2-D imaging to 3-D imaging by use o f the slice select pulse was attempted using the Tree- 
Hugger magnet and a Gaussian shaped RF pulse was used in place o f the hard 90° pulse (ref.
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Fig.7.1). Together with the shaped pulse, a gradient was applied along the y  axis so that a slice 
was selected along this axis.
The attempts to perform slice selection were unsuccessful. It is thought that the additional 
reduction in signal imposed by the action o f the slice selection decreased the signal to noise to 
unworkable levels. Although this may be reattempted at a later date, the 3-D imaging using the 
Tree-Hugger was carried out without slice selection, as described below.
7.3. Three D im en sion a l im ag in g  W ithout S iice  S e lec tio n
A  full 3-D data set is acquired in the imaging sequence shown in Fig.7.8. Due to the 
aforementioned slice selection issues, this data set uses phase encode steps in both they gradient 
and z gradient directions as shown in Fig.7.8.
9 0 °  1 8 0 °
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Figure 7.8: Pulse Sequence used for 3-D imaging experiment. TX= transmitter; RX= 
receiver.
7.3.1. Method
As for the 2-D image sequence, the read gradient is along the x  axis and is applied before and 
after the 180° degree pulse and during acquisition. Both RF pulses are non-selective and the 
length o f the 90° pulse used is 150ps and the 180° is 275ps. The non selective pulses excite the 
entire sample. In addition to the phase encode gradient applied along the z axis, another phase 
encode gradient, applied along the y  gradient direction is also used and both are stepped 
independently during the signal acquisition time. As shown on Fig.7.9, in the z gradient direction 
32 phase encode steps were used («z) and in the y  gradient direction 8 phase encode steps were 
used (Wy). The number o f points in the read direction, the x gradient was 64 (wp). The above 
described parameters were used to collect the data presented below, unless otherwise stated.
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Figure 7.9: Timing diagram showing parameters used in the 3-D imaging experiment.
The number o f data points collected in a measurement is x »y x Mp x no. averages. Thus, in 
order to remain within the data collection limits set by the computer equipment, the additional 
gradient results in a reduction o f the number o f averages made. This additional step also extends 
the measurement duration. In order to obtain a reasonable 3-D image within the allowed data 
points, fewer phase encode steps were used than for the 2-D images. For both the 3-D images 
presented below r was set to 3ms and 64 averages were used.
7.3.2. Results and Discussion
The images made using the 3-D sequence are shown below. The axes on the box surrounding the 
images are arbitrary and the actual axes relative to the magnetic field direction, where Bo is along 
the z  axis, is shown in white.
7.3.2.I. 3-D Phantom
The phantom, containing 40mm o f water doped with copper sulphate, was used to obtain a 3-D 
data set using the above parameters and is shown in Fig.7,10. The repetition delay for this 
measurement was 0.8s. As before, a single test tube was omitted and this gap can be seen in the 
second row fi*om the bottom, the second position in from the left. All the cylinders o f water are 
clearly resolved and each cylinder is represented individually and the gap between them of  
3.8mm clearly discerned.
The signal is decreased along the top and right outer rows and there is a skew in the field which is 
seen as the water cylinders seem to twist from top to bottom. This is a consequence o f the poor 
magnetic field homogeneity. The tubes in the uppermost comers are most likely o ff frequency
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due to the large frequency spread across the xz plane. The magnetic field inhomogeneity is 
superimposed onto the applied field gradient, and results in distortion in the spatial position. The 
homogeneity as measured in the previous chapter and shown in Fig.6.14 was mapped in the xz 
plane only. The 3-D data set was collected in the xyz planes. From Fig.7.10 it is possible to draw 
the conclusion that the magnetic field inhomogeneity is also distorted along they axis.
Figure 7.10: Surface rendered 2-D phantom image. This image has been extracted from 
a 3D data set and shows 57 cylinders of water with 40mm height and 0.8mm diameter.
7.3.2.2. 3-D  Sitka Spm ce D isc
The same disc that was used for the 2-D measurements was used to make the 3-D measurements 
shown in Fig.7.11. The repetition delay used for this experiment was Is.
Figure 7.11: Surface rendered 2-D image of Sitka spmce disc. This image has been 
extracted from a 3D data set and is the same disc as shown in Fig 7.6 but measured using 
the 3-D pulse sequence.
This figure shows a surface rendered image o f the spruce disc, with the aspect looking down on 
the transverse face. The hole in the centre of the disc is the heartwood. The low signal to noise at
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the top o f the image is seen, where the magnet inhomogeneity causes the signal to go off 
frequency. Due to the reduction in «y,z for this image, the digital resolution is limited, although it 
is possible to discern several annual rings which appear as ridges with the moisture variation. 
This data set only took around 5 hours to collect and this is a relatively short experiment for such 
wood MRI. Other studies that have made 3D images o f wood have used 24 hour acquisition 
periods [32]. This experiment could be extended to include more phase encode steps, thus 
increasing the digital resolution if  more averages were possible. This is discussed further in the 
next chapter.
7.4. Chapter Concluding Comments
Spin echo images typically have minimum echo times in the order o f milliseconds and this makes 
images o f low moisture wood impractical as below FSP the remaining bound water has T2 o f a 
few milliseconds only. For the application o f the tree hugger to the imaging o f living trees in-situ 
this is not a practical limitation as there is sufficient lumen water, with T2 in the order o f tens o f  
milliseconds, to provide signal. In the fresh wood samples measured here, annual rings can 
clearly be distinguished and by manipulation o f the echo duration (z) earlywood and latewood 
areas can be distinguished by their relaxation times. The heartwood shows reduced signal 
intensity due to lower moisture content and a signal is only discerned when a high number o f 
averages are used. This can serve to differentiate between the two wood types. The 
inhomogeneity o f the magnetic field has a detrimental effect on the image and needs to be 
addressed; this will be discussed further in the next chapter.
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8. Conclusions and Future Considerations
8.1. Wood Characterisation
Relaxation and amplitude values have been determined that correlate well with those published in 
the literature. Practical equipment limitations have been demonstrated by the comparison o f the 
results obtained from the 2.6MHz and 20MHz systems where the latter enabled components with 
shorter relaxation times to be seen. The presence o f an additional component with T2  o f the order 
lOOps has been confirmed along with the already established component with the following 
transverse relaxation rates: few ms, lO’s ms and lOO’s ms.
Difficulties in correlating the T\ values determined by inversion recovery experiments, with the 
72 values seen in CPMG experiments, have been addressed by the 7"i-72 correlation spectra. The 
correlation experiments have provided additional perspectives on the protons reservoirs in wood. 
The component with T2 in the order o f a few ms has been shown to be divided into two pools, 
separated by their T1 relaxation time. Further, the relative amplitude o f these pools provided a 
distinction between the sapwood and heartwood.
A crude pore size calculation was applied to the peaks near to the diagonal o f Ti=T2 on the T 1-T2  
correlation plots (peaks A and C). This added some clarity by providing qualitative estimations 
o f the size o f the pore spaces the relaxation components occupied. This supported the 
assignations made to the relaxation components and they were divided into proton pools residing 
in the lumen spaces (earlywood and latewood), in the cell wall pores, and closely associated with 
the microfibril aggregates, in order o f decreasing relaxation time.
The components seen in the T 1-T2 correlation plots which were not on the diagonal (peaks B and 
D) were tentatively suggested to arise from magnetization exchange between the proton pools. In 
order to confirm the presence and rate o f magnetisation exchange, T2 -T2 correlation 
measurements were made on both heartwood and sapwood samples o f spruce. These experiments 
showed that the sapwood and heartwood behaved differently in terms o f cross-relaxation peaks 
and enabled estimates o f exchange times between proton pools to be estimated.
8.1.1. Future Experiments
The following experiments are suggested as extensions to the work already carried out here on 
wood characterisation and may help clarify the outstanding questions.
Chap te r  8: C o n c l u s i o n s  and F u tu r e  C o n s i d e r a t i o n s
8.1.1.1. Heartwood Sapwood Distinction
A simple experiment may enable determination o f the extent o f the influence o f extractives on the 
relaxation values. Measurements, including CPMG, inversion recovery, T 1-T2 and T2 -T2 
correlations should be made on both a freshly cut heartwood and sapwood sample from the same 
disc. After the fresh measurement is made both samples should be treated to remove extractives, 
this may involve boiling in water to remove the water soluble compounds and use o f an organic 
solvent to remove the non water soluble compounds. The samples can then be re-measured. The 
sapwood generally does not contain extractives in any significant amount, so should be expected 
to show no effect from this treatment. The heartwood does contain extractives and they have 
been proposed here to be the cause o f differences in relaxation behaviour between the heartwood 
and sapwood. These differences include the relative amplitude o f peaks B and C in the T\-T 2 
correlation spectra and between the positions o f the off diagonal peaks in the T2 -T2 correlation 
spectra. After removal o f  the extractives these differences should be removed. In addition, 
different wood species can be investigated including hardwoods, which can contain high levels o f  
extractives in the heartwood, and may help determine their effect.
8.1.1.2. Pore Size Distribution
It would be useful to be able to estimate the accuracy o f the pore size values obtained using the 
method given in chapter 5. After performing an NMR T 1-T2 correlation experiment, the same 
sample should be imaged by, for example, a scanning electron micrograph. The lumen 
distribution can then be determined from the SEM and compared with the values calculated from 
relaxation times.
8.1.1.3. Investigate Boundary Region
Little is known about the processes which occur in the boundary region which exists between the 
heartwood and sapwood. In order to map the relaxation behaviour across the wood, samples 
could be taken from a fresh disc in a linear fashion - from the outer sapwood to the central pith. 
Each sample can be measured using both correlation sequences and the data monitored for 
indication o f chemical changes occurring in the wood, as it changes from sapwood to heartwood.
8.2. Tree-Hugger Magnet
The Tree-Hugger magnet, designed and created by Laplacian Ltd for Surrey University, has been 
shown to work well for the imaging o f wood. As it stands today, it is the only existing portable 
magnet designed and suitable for the three dimensional imaging o f trees in-situ. The magnet 
material mounted in the carbon frame weighs 55kg and the gradients weigh an additional 15kg 
each, but can be assembled on site. The working strength o f the gradients fields are 6.7 G/cm in
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the X direction, 7.1 G/cm in the y  direction and 10 G/cm in the z direction. The achieved field 
homogeneity is lOOOppm over 140mm dsv, or 1750ppm over a planar distance o f 120mm. 
Theoretical spatial resolution in the read direction has been calculated to be 1mm, whithout full 
gradient power. In the images presented in chapter 7, detail o f around 2mm can be discerned, 
enabling a clear distinction between annual rings and between heartwood and sapwood regions, 
as well as bark boundaries. These images have been obtained using experiments with a relatively 
short duration, and better resolution is expected to be achievable via extended experiments. The 
steps required to improve the Tree-Hugger magnet capabilities and to make it ready for the 
imaging o f standing trees, are outlined below, as well as some useful measurements that can be 
made.
8.2.1. Future Developments
To date the Tree-Hugger magnet has only been used in the laboratory. Aside from the purchase 
of expensive, low weight peripheral equipment, there are two hardware improvements that need 
to be made in order to prepare the Tree-Hugger for the measurement o f standing trees.
8.2.1.1. Open Access Coil
The shielded solenoid coil has been shown to work well with a sufficiently high signal to noise 
ratio for 3-D imaging. In order to use the Tree-Hugger to image standing trees in the forest, an 
open access coil is necessary. The signal to noise o f the first open access solenoid used with the 
Tree-Hugger (chapter 6) was too low for successful imaging and thus a shielded probe is 
required. There are three forms o f open access probe considered: a saddle coil [186], a birdcage 
coil [219] and a solenoid coil.
A  saddle coil has open access due to the open-side geometry, but the diameter o f sample that 
could fit inside a saddle coil is limited and thus would not fill the probe interior. In order to 
image mature trees the saddle coil would have to be open-able. The Kent magnet used a split and 
open-able saddle coil. As mentioned earlier, the main reason for not choosing a saddle coil is that 
the field is directed into the body o f the Tree-Hugger itself. The frame closes around the tree on 
one side and this would interfere with the RF field developing.
Birdcage resonators are widely used in clinical imaging and consist o f two coaxial rings joined by 
a number o f straight conductors. Either at the top o f each conductor, or Teg’, or in the rings, 
capacitors are placed. Modification o f the birdcage into a U-shaped design has allowed imaging 
o f difficult to access body parts. The shoulder was imaged using a prototype 200 mm in diameter 
and 320 mm long [220] as were knuckle joints, using a 19mm radius and 46mm length [221]. A  
U-shaped birdcage with access for samples up to 12mm diameter was used to image plants at a
152 o f  163
C hap te r  8: C o n c l u s i o n s  and F u tu r e  C o n s i d e r a t i o n s
proton resonance o f 500MHz [222]. In aforementioned study, the open side o f the U-shaped 
birdcage was sealed with an RF shield to improve the homogeneity o f the Bi field. The 
performance o f the open access birdcage was compared with that o f a conventional birdcage, and 
a saddle coil. The performance o f the birdcage coils in field strength and homogeneity were 
better than the saddle, though the open access coil fared worse than the conventional version. 
Another study has used a split design open access birdcage coil to image woody plants with 
diameter up to 20mm at 200MHz proton resonance [146].
Similar issues exist for the birdcage as for the saddle coil, that is, the direction o f the field which 
impacts on the magnet frame. Additional considerations are the necessary capacitance required to 
tune the birdcage which may be excessive at the low firequency considered here. Possibly this 
may be alleviated by use o f the Baiun circuit.
With like dimensions, the performance from a solenoid coil is approximately three times better 
than from a saddle [206]. It is clear from the lack o f success with the slice selection that signal to 
noise is an issue, thus the coil giving the highest signal to noise is desirable. The issues 
associated with the split and open-able solenoid coil are the complexity o f re-connecting each 
winding o f the solenoid, which at the length considered here is around 20. Shielding is also 
necessary and the ease o f shielding each probe must also be considered.
8.2.1.2. Homogeneity Improvements
The inhomogeneity o f magnetic fields was shown in chapter 7 to degrade the images obtained by 
causing loss o f image in the upper part o f the image. In the field this could be corrected by the 
acquisition o f two images, with the magnet positioned on either side o f the tree and the images 
halved and matched to provide a single, clear image, but this would double measurement times. 
Inhomogeneity can be alleviated by passive or active shimming.
Passive shimming involves the use o f small pieces o f magnetic material positioned near the 
original magnetic material, which add to the field in order to increase the homogeneity. A space 
has been left by Laplacian Ltd between the gradient and the poles for a passive shim tray to allow 
for shimming. The magnet would be plotted over a grid, the field analysed and specialised 
software used to calculate the optimum position o f the small pieces o f rare earth. The active 
shimming option uses the triple orthogonal gradients already in-situ. Driven by the Techron 
amplifiers the gradients are used to apply a continuous, low level magnetic gradient field in 
either, or all, o f the x, y, z  directions. Of these two options for the improvement o f magnetic field 
homogeneity, the first requires further modification by Laplacian Ltd and the second is currently 
underway at University o f Surrey.
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8.2.2. Future Measurements
The immediate improvement that can be made to the 3-D images obtained using the Tree-Hugger 
is extension o f the acquisition data. The programme code should be adapted so that the 
acquisition is divided into three or four separate parts, which can be collated to produce the final 
image. In this way more averages can be used as the number o f phase encode steps will be 
reduced in each part. If an increase in repeat averages, together with improved magnetic field 
homogeneity, results in greater visible resolution, it may be possible to glean some information 
about the boundary zone. For example a whether the moisture reduction is gradual (over a few 
annual rings) or very sudden.
Extension o f the experiment shown in chapter 7, where the spin echo time was extended to 
exclude the shorter decaying components, could be useful. The experiment could be performed 
on a fresh wood sample over a range o f spin echo times in increments up to a reasonable value, 
limited by signal to noise and usefulness. If the collected images are well shaped it may be 
possible to overlay an outline o f the actual position o f the annual rings o f the sample and thus 
map the relaxation times across the annual rings. Additionally, data could be collected firom a 
single fresh wood sample, over a period o f days/weeks as the sample dried. The images may map 
the moisture loss, and if  the resolution is sufficient, enable the distinction between latewood and 
earlywood.
8.2.2.1. NMR Flow measurements
Finally, one o f the initial design parameters for the Tree-Hugger magnet was the ability to 
measure flow along the sapwood. The major advantage o f using NMR for flow measurements in 
trees is the non-destructive nature o f the technique. Used widely as a medical application to 
image blood vessels (MR angiography), NMR flow measurements have also already been applied 
to the monitoring o f flow in plants and in wood. A contrast method was used to study water flow  
in a section of 7 year old pine xylem using an NMR whole body scanner [122]. To provide the 
contrast the plant was doped with a contrast agent and measurements repeated in series to monitor 
the uptake o f the contrast media. Flow measurements made in vertical bore magnets [223-225] 
are limited by pore aperture, but enable flow of the order o f Imm/s to be imaged [226]. 
Horizontal bores have wider apertures and have also been used [227-228]
Flow imaging using NMR is well established [229-230]. These references provide a good 
introduction to the techniques which will not be described here. One crucial part o f all flow 
imaging measurements is the slice selection. This will have to be addressed before flow 
measurements can be made using the Tree Hugger.
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